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ABSTRACT 
Storage tanks are widely used in industrial application in order to tore liquid 
products. Corrosion damage, which is generally termed a locally thinned area (LTA), is 
considered to be a serious threat to the structural integrity of the industrial storage tanks. 
Therefore, fitness-for-service (FFS) assessment of these structures needs to be performed 
periodically in order to ensure the operational safety and structural integrity. 
In the present work, the Remaining Strength Factor (RSF) i chosen to quantify 
corrosion damage. Two alternative methods are proposed for FFS asses ment of industrial 
storage tanks undergoing corro ion damage. The method are based on the variational 
concepts in plasticity, them-alpha tangent multiplier, the concept of elastic decay lengths 
and the idea of reference volume. The proposed method are shown to give con ervative 
assessment of the remaining strength of storage tanks developing LTA during operation. 
The methods are demonstrated through an example, and the results are verified by 
inelastic finite element analysis. 
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CHAPTER! 
INTRODUCTION 
1.1 BACKGROUND 
Storage tanks are an important component in the technological chain of the 
processes involving extraction, storage, transportation and the processing of crude oil and 
gas. According to the survey conducted by American Petroleum Institute (API), there are 
about 700,000 petroleum storage tanks in North America. 
Industrial storage tanks are generally used to store liquid petroleum product . From 
the instant a storage tank is commissioned it begins to deteriorate. Although storage tank 
are of importance in the petroleum industry failures due to conosion defects have become 
a significant, recurring and an expensive operational, safety and environmental concern. 
Storage tanks experiences external corrosion due to environmental conditions on the 
exterior surface of the steel tank (e.g. from the natural chemical interaction between the 
exterior of the tank and the air, water or soil surrounding it). Internal corrosion occurs in 
steel storage tank due to chemical attack on the interior surface of the tank due to the 
commodity stored. Liquid storage tanks generally experience differential hydrostatic 
pressure due to the stored liquid head, while the pressure vessels and piping systems 
generally experience uniform pressure. Therefore, the structural behavior of the torage 
tank is different than that of structures like pressure vessels and piping. 
When local metal los occurs in industrial storage tanks due to corrosion, the 
Locally Thin Area (LTA) undergoes higher deformation than the urrounding undamaged 
region. This differential deformation of the structure is generally termed as "bulging". 
Excessive bulging in a pressurized component is undesirable and is a considerable threat 
to the structural integrity. In practice, the so-called "Folia factor" is used to quantify the 
bulging effect at LTAs in shell structures. The phenomenon exists in the case of internal 
pressure and is more pronounced in shells with smaller diameter e.g., piping. Industrial 
storage tanks generally have a very large diameter and hence the u e of this parameter i 
not relevant. 
On account of the hydro tatic head in the storage tank, the LTA or the corroded 
region bulges outward. This bulging effect produces bending moments at the edge of the 
LTA with the surrounding shell. The magnitude and significance of the bending moments 
depends on the size and relative thickness of the LTA compared to the surrounding wall 
thickness. If the thickness of the LTA is very large compared to the surrounding wall 
thickness, then the effect of the edge bending moment becomes signi ficant. 
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1.2 STRUCTURAL INTEGRITY ASSESSMENT 
Structural integrity as essment is one of the principal tasks that has been 
implemented by the petrochemical, nuclear power generation and oil and gas industries. It 
plays a major role in preserving safety and economy of the plant, equipment and system 
operation. Integrity assessment is a multidisciplinary eftort and with regard to the oil and 
gas industries; it involves interactions of diverse fields uch as proce s chemistry, process 
engineering, thermo-fluids, mechanics, materials, applied physics and computational 
technology. The assessment activities are carried out in three phases: design, con truction 
and post construction. The post construction activity is subdivided into operations, 
inspection, maintenance and re toration activities. 
Structural integrity assessment in the oil and gas industry is practiced in three 
levels. Level I assessment procedure provide conservative screening criteria that can be 
used with a minimum quantity of inspection data or information about the component. 
Level 2 is intended for u e by facilities or field engineers, although orne owner-operator 
organizations consider it suitable for a central engineering evaluation. Level 3 
assessments require sophisticated analysis by experts, where advanced computational 
procedures are often carried out. 
3 
Recommended practices and procedures associated with FFS assessment are 
available in API 579 [1], R6 [2], SINTAP [3], and RSTRENG [4]. The practice for 
conducting FFS assessments for pressurized components in oil and gas sector is API 579 
[ 1], in which the procedures are based on ASME B31 G and the RSTRENG criteria. The 
API 579 assessment provides a consistent result for regions of metal loss with significant 
thickness variability. Sims et al. [ 12] have studied LTA in gas storage tanks in the context 
of FFS assessment. They have reported results of some parametric analysis using inelastic 
PEA, and have attempted to provide empirical equations for FFS assessment. 
Development of a comprehensive assessment criterion for the corroded liquid storage 
tank is difficult due to the numerous variables (tank geometry, defect geometry, material 
properties and hydrostatic pressure) influencing the behavior and failure of the corroded 
region. 
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1.3 OBJECTIVE OF THE RESEARCH 
The current study will focus on developing an improved Level 2 FFS asses ment 
method for the structural integrity assessment of industrial storage tanks undergoing 
corrosion damage. The study of the fitness-for-service assessment methodology assumes 
elastic-plastic ductile material which is able to absorb significant deformation beyond the 
elastic limit without the danger of fracture. Strain hardening i a umed to be small for 
the entire analysis. 
Internal differential hydrostatic pressure due to stored liquid head is assumed to be 
the only significant load in this work. Corrosion damage will be considered for a tank 
with the remainjng thickness ratio (defined as the ratio of the corroded wall thickne to 
the norrunal thickness) not less than 0.5. The storage tank studied in the current work i 
assumed to be originally de igned and constructed in accordance with a recognized code 
or standard. Therefore two alternative methods are proposed. The first approach is based 
on an analytical method, and the econd approach i ba ed on two linear elastic fi nite 
element analysis (LEFEA). The proposed methods are shown to give a con ervative 
assessment of the remaining trength of storage tank containing local thin areas (LTAs). 
The results obtained from the proposed Level 2 assessment procedure are found to be in 
good agreement with the corre ponding inelastic finite element results. 
5 
1.4 STRUCTURE OF THE THESIS 
This thesis is compo ed of six chapters. The first chapter of the thesis addre se the 
general background, objectives and scope of the proposed research work. 
Chapter 2 present a brief review of literature. This chapter covers theoretical aspects of 
liquid storage tanks, tank election criteria and types of torage tank . This chapter al o 
covers a review of tank ba e design, materials, corrosion and corrosion detection in 
storage tanks according to recognized code and standards. 
Chapter 3 presents a brief review of literature pertaining to the current research work. The 
chapter covers theoretical a pects of plasticity, the etas ical lower and upper bound limit 
load multipliers and the ma-tangent multiplier method which is the basis of the current 
research. This chapter al o describes the evaluation of hydro tatic pressure on the storage 
tank containing corrosion damage. 
Chapter 4 studies the factors influencing the behavior of pressure vessels containing 
corrosion damage. The general methodology of the propo ed Level 2 Fitness-for-Service 
assessment based on the concept of reference volume is also presented. 
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rn chapter 5, finite element modeling details for the present study and materials model is 
discussed. Illustrative numerical examples are provided. The recommended methods for 
proposed Level 2 Fitness-for-Service assessments are validated by Level 3 inelastic finite 
element analysis. 
Chapter 6 summarizes the original contributions to thi the is. This chapter also 
concludes by providing recommendations on future research work in this area. 
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CHAPTER2 
LIQUID STORAGE TANKS 
2.1 INTRODUCTION TO STORAGE TANKS 
The word Storage Tank identifies only a single type or piece of equipment in an 
industrial facility. Tanks have been used in innumerable ways both to store every 
conceivable liquid, vapor and in a number of processing applications. For this present 
work a tank primarily is considered as a vertical liquid storage vessel. 
The analysis and design of welded steel tanks for hydrocarbon storage are based on 
the API Standard 650 [18]. The standard is applicable to storage tanks of various sizes 
and capacities operating at internal pressures close to atmospheric pressure. 
Storage tanks used for storing hydrocarbon are usually large in diameter. Large 
diameter liquid Storage tanks have different course thickness and are built on either a 
compacted fill or concrete ring wall foundation. Large diameter storage tanks are usually 
field erected due to economic considerations and ease of construction. A typical large 
diameter field erected storage tank having a height of 576 inches and a radius of 1728 
inches and a capacity of 500,000 barrels is shown in Figure 2.1 [36]. 
8 
Liquid Surface 
Tank Radius 
1728" 
(43.90 m) 
Fourth Course 
0.428" 
(0.010 m) 
Third Course 
0.828" 
(0.021 m) 
Second Cour e 
1.1 53'' 
(0.029 m) 
First Course 
1.289" 
(0.032 m) 
Ring Wall Foundation 
Figure 2.1 Typical Large Diameter Storage Tanks [36] 
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Tank Height 
576" 
(14.63 m) 
2.2 TANK SELECTION CRITERIA 
The selection of tanks is a complex process of optimizing an array of information to 
yield a particular design as, indicated in Fig.2.2.Several factors must be considered when 
selecting the various characteristics of a proposed storage tank ystem. The characteri tic 
include: 
• ASTor UST; 
• Tank Material; 
• Single or Double Wall Tank; 
• Piping materials. 
As shown in the Fig.2.2, once the specific liquid to be tored is established, the 
physical properties then determine the range of possible tank types. Although vapor 
pressure is a major component in tank selection, other properties such as fla h point, 
potential for explosion, temperature and specific gravity all factor in the selection and 
design of tanks. 
In addition to fundamental physical properties influencing tank selection, size, 
regulations, current best practice and external loads ( uch as wind, now and sei mic 
loads), as well as numerous additional engineering issues, play a role. The ultimate 
selection criteria are keenly dependent on the actual site-specific conditions, local 
regulations, cost consideration , required operating life, potential for fires and explosion 
and many other factor . 
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FEASIBILITY STUDIES 
• Range of Liquids to be stored 
• Range of Capacities required 
• Determination of Critical Operating 
Requirements 
1 
PHYSICAL PROPERTIES 
• Operating Pressure 
• Temperature 
• Flash Pont 
• Heating/Cooling Requirements 
• Specific Gravity 
• Vapour Pressure 
REGULATIONS 
ENGINEERING STANDARDS 
ISSUES POSSIBLE TANK TYPES AND 14-- CODES 
DESIGNS 
• Material ~ (Based on Type of Liquid and Selection 
• Corrosion Vapour Pressure) I+- ENVIRONMENTAL 
Prevention 
• Design Life 
• Seismic Loads 
• Wind/snow 
LAYOUT 
Loads REQUIREMENTS 
• Foundation PHYSICAL REQUIREMENTS 
• Blanketing • Fire Codes 
System • Actual Required Capacity +-----
• Possibility of 
• Cost • Annual Turnover 
Fire/Explosion 
• Available Real 
Estate 
TANK SELECTION & 
DETAILED DESIGN 
Figure 2.2 Tank Selection Criteria [31] 
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2.3 CLASSIFICATION OF ABOVE GROUND STORAGE TANKS 
There are many way to clas ify a tank, but there i no univer al method. However, 
a classification commonly employed by codes, standards and regulation is based on the 
internal pressure of a tank. This method is useful in that it depends on a fundamental 
physical property to which all tanks are subjected internal or external pressure. In this 
present work only Above Ground Storage Tanks (AST) that are used extensively are 
considered. 
2.3.1 Atmospheric Tanks 
The most common type of tank is the atmospheric tank. Although called 
atmospheric, these tanks are usually operated at internal pressure slightly above 
atmospheric pressure around Y2 psi (3.447 kpa). The fire codes define an atmospheric tank 
as operating from atmospheric up to Y2 psi (3.447 kpa) above atmospheric pressure. The 
API 650 [18] governs the design, material, fabrication, erection and testing requirements 
for above ground vertical cylindrical storage tanks of various sizes and capacitie for 
internal pressures approximating atmospheric pressures. 
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2.3.2 Low Pressure Tanks 
Low pressure in the context of tanks means tanks designed for a higher pre sure than 
atmospheric tanks. These tanks are designed to operate from atmo pheric pressure up to 
15 psi. 
2.3.2 High Pressure Tanks (Pressure Vessels) 
Since high pressure tanks (vessels operating above 15 p i) are actually pre ure 
vessels, the term high-pres ure tank are not used by those working with tanks. Because 
pressure vessels are a specialized form of container and are treated separately from tank 
by all codes, standards and regulations. The ASME Boiler and Pressure Vessel Code [48] 
is one of the primary standards that have been used throughout the world to en ure safe 
storage vessel . 
Various substances such as ammonia and hydrocarbons are frequent ly stored in 
spherically shaped ve els which are often referred to a tank . Most often the design 
pressure is above 15 psi and they are really spherical pressure vessels and their design and 
construction fall under the rules of the ASME Boiler and Pressure Vessel Code. 
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2.4 TANK BASE DESIGN 
The design of the storage tank base depends upon several factors: 
• The type of foundation (earth grade, compacted or concrete ring wall). 
• Size of the storage tank. 
• The operating temperature of the tank. 
• Corrosiveness of the liquid. 
• Amount of sedimentation of uspended solids. 
2.4.1 Foundations 
The type of construction and the configuration of the foundation are very relevant 
factors from a standpoint of design and operation of the tank. While it is difficult to 
classify all possible foundation types for storage tanks, some general types have proved to 
be most common for specific applications. Foundation types may be broken into several 
classifications in generally increasing order of costs: 
• Compacted soil. 
• Crushed-stone ring wall. 
• Concrete ring wall. 
• Slab. 
• Pile-supported. 
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Depending on the type of foundation, appropriate tolerances must be maintained. If 
a concrete ring wall is provided under the shell-to-annular plate connection, the top of the 
ring wall must be level within± 1/8 inch, in any 30 feet circumference, and± 1/4 inch, in 
a total circumference measured from the average elevation [ 18]. If a concrete ring wall 
not utilized i.e. compacted foundation, the specified tolerance of the shell level should be 
within± 1/8 inch, over any 10 feet circumference with± 112 inch, in total circumference 
measured from the average elevation. 
Tolerances are specified for the tank foundation, because they have a direct effect on 
the behavior of the tank shell and any components connecting to the shell. If the 
tolerances are exceeded tank behavior will be affected. In this current work mainly the 
shell is taken in consideration to evaluate the Remaining Strength Factor (RSF) of a 
storage tank. 
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2.4.2 Tank Bottom 
The shapes of cylindrical storage tank closures (e.g., top and bottom) are a strong 
function of the internal pressure. Because of the varying condition to which a tank bottom 
may be subjected, several types of tank bottoms have evolved. Tank bottom 
classifications may be broadly classified by shapes as: 
• Flat-bottom. 
• Conical. 
• Domed or spheroid. 
Because flat-bottom tanks u ually have a small designed slope and shape, they are sub 
classified according to the following categories: 
• Flat 
• Cone up 
• Cone down 
• Single -slope 
Tank bottom design is important because sediment, water, or heavy phases settle at the 
bottom. Corrosion is usually the most severe at the bottom, and the design of the bottom 
can have a significant effect on the li fe of the tank. 
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2.5 TANK ROOFS 
The type of roof used on liquid storage tanks presents an important deign 
consideration. Liquid storage tanks at refineries are generally fixed roof tanks, external 
floating roof tanks and internal floating roof tanks. If vapor pressure is less than 1.5 psi, 
open top tanks or fixed-roof tanks works well. Fixed-roof tanks greatly reduce the risk of 
fire and limit the amount of vapor that evaporates, when compared with open top tanks. 
Floating roof is used to reduce the probability of combustible gas mixture for certain 
volatile petroleum products having a vapor pressure higher than l .5 psi. Roofs of low 
pressure atmospheric storage tanks can be divided into the following way: 
Low Pressure Atmospheric Tanks 
Cone roof tank Floating roof tank 
Column supported Truss supported Open top Internal 
Pontoon Pontoon Cone roof Geodesic roof 
(Single deck) (Double deck) 
Figure 2.3 Types of Roofs [30] 
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2.6 MATERIALS OF CONSTRUCTION 
Materials selection for above ground vertical cylindrical storage tanks of various 
ize and capacitie for internal pre sures approximating atmospheric pressure is based 
upon the API Standard 650. But the principles are applicable to other codes such a API 
620 [ 19] or AWWA D-1 0 [30J. Materials for tanks are selected on the basis of four 
primary characteristics: 
• Corrosion resistance: resi tance to wall thinning, pitting, cracking and 
metallurgical transformation. 
• Shop and field fabricability: ease of transport, assembly, and erection, 
including bending, machining, welding and coating. 
• Mechanical properties: strength, ductility, and toughness, through the 
operating temperature range (from creep temperatures down to cryogenic 
service). 
• Cost. 
The construction of new tanks in the different temperature categories i covered by 
API Standards 650 [18J and 620 [20]. API Standard 650 cover the con truction of 
storage tanks for ambient temperature operation. Appendix M of API 650 covers tank 
design temperatures between 200°F and 500°F by applying a derating factor for the 
allowable stresses of the steels. For low-temperature tank , API Standard 620 give 
specific material requirements that allow for operation to as low a -270°F. 
18 
2.7 CORROSION OF TANKS 
Industrial storage tanks are used to store liquid products. The e tanks experience 
hydrostatic pressure due to the liquid head, while pressure ve sels and piping systems 
generally experience uniform pressure. When corro ion occurs in storage tanks, the L TA 
undergoes higher deformation than the surrounding undamaged region. Excessive bulging 
in a pressurized component is undesirable and can be a threat to the tructural integrity. 
Most tanks are made of carbon steel, which can corrode when exposed to air and 
water. Over time, uncontrolled rusting can weaken or destroy the components of a tank, 
resulting in holes or possible structural failure, and release of stored products into the 
environment. 
Rusting in storage tank can be accelerated by factors including: 
• Increased temperature. 
• Corrosive environment. 
• Stray electric currents between interconnected components. 
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2.8 CORROSION DETECTION IN STORAGE TANKS 
To evaluate the Remaining Strength Factor (RSF) of an in- ervice component metal 
loss should be detected properly. Several non destructive inspection technique are 
available to inspect tanks; vessels and piping are presented by API 579. The choice of the 
technique depends on the material, the type of flaw, access to the surface, availability, and 
cost. 
Typical monitoring methods include the u e of the following tools or procedures: 
• UT measurements and scanning 
• Radiographic examination 
• Magnetic particle testing 
• Thermography 
• 
• 
• 
• 
• 
• 
Liquid Penetration Testing 
Eddy Current Testing 
Corro ion probes 
Hydrogen probes 
La er profiling 
Visual Examination 
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The keys to accurate inspections are: 
• Inspection technique consi tent with expected damage. 
• Expertise and qualifications of inspectors 
• Independence of inspector 
• Cleanliness of component 
• Access to the component 
• Good quality, calibrated instruments 
2.8.1 Ultrasonic Testing (UT) 
Thickness readings which are required to determine the metal loss on a component 
are usually made using straight beam ultrasonic thickness examination (UT). This method 
can provide high accuracy and can be used for point thickness readings and obtaining 
thickness profiles. Advantages of Ultrasonic thickness examination is, only one side 
needs to be accessed and can be u ed on complex shapes. The limitations of UT are 
associated with uneven surfaces and acce s. Obtaining accurate thickness reading using 
UT is highly dependent on the surface condition of the component. Surface preparation 
techniques vary depending on the surface condition, but in many cases wire brushing is 
sufficient. However, if the surface has a scale build-up or is pitted, grinding may be 
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necessary. Temperature compensation and special UT couplants are required if the 
thickness readings are obtained on high temperature components. 
2.8.2 Radiographic Testing (RT) 
Radiographic Te ting (RT) may also be used to determine metal loss; however, 
accurate thickness data may only be obtained by moving the component containing the 
metal loss, or moving the source around the component to obtain multiple views. This 
type of manipulation is typically not possible for many pressure containing components. 
However, RT examination can be effectively used to qualify the existence, extent and 
depth of a region of metal lo s, and has been used in conjunction with UT to determine 
whether the metal loss on a component is general or local. 
Advantages of RT 
• Detects surface and volumetric flaws. 
• Covers a relatively large area. 
• Provides a permanent record (film or digital) 
• Recognized by construction codes. 
• Detects narrow, crack like flaws. 
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Limitations of RT 
• Require a personnel exclusion zone. 
• Requires experienced, certified operators. 
• Requires an X-ray or gamma-ray (radioactive source). 
• Gamma rays have limited life. 
• It is difficult to decipher radiographies of complex shapes. 
• Detects length of crack like flaws, but may not characterize their depth. 
2.8.3 Magnetic Particle Testing (MT) 
A magnetic field i created on the surface of the part, for example, by using a yoke 
and a powder or solution of magnetic particles is dispersed on the urface. The magnetic 
particles orient themselve along the magnetic lines, and urface discontinuities become 
visible as the magnetic lines appear distributed. Wet fluore cent magnetic particles are 
particularly well suited for the examination of pipe, vessels, and tank welds. The 
advantages of using the magnetic particle testing is flaws do not have to be open to the 
surface, portable, detects surface and slightly sub urface flaws. This technique is 
applicable only to ferromagnetic materials; surface must be sufficiently smooth to permit 
particle movement. Thi technique of inspection to be followed by vapor degreasing or 
chemical cleaning. 
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Advantages of MT 
• Detects surface and lightly ubsurface tlaw . 
• Flaws do not have to be open to the surface. 
• Portable. 
Limitations of MT 
• Applies only to ferromagnetic material . 
• Surface techniques cannot determine depth of tlow. 
• Di continuities only detected if perpendicular to magnetic field. 
• Surface must be sufficiently smooth to permit particle movement. 
• Inspection to be followed by vapor degreasing or chemical cleaning. 
• No permanent record. 
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2.8.4 Eddy Current Testing 
Eddy currents are generated by a probe into the wall of a specimen. The presence of 
a flaw in the wall or a change in wall thickness will be detected by a disturbance of the 
current. 
Pulsed eddy current are used to measure wall thinning under insulation. Changes in 
the wall thicknes can be detected on pipe wall thickness from 0.3 into 1.5 in, with 
accuracy on the order of a few mils. This ability to measure wall thickness while the line 
is in ervice and without removing in ulation can lead to significant cost savings. 
2.8.5 Visual Examination 
Visual examination (Visual Testing, VT) is the most common examination 
technique. It can be direct or assisted for remote acces , for example, through mirrors, 
borescope, and cameras. Pipe Fabrication [nstitute Standard ES-27 defines visual 
examination as examination with the "unaided eye," other than the use of corrective 
tense , within 24 in. Examiners are classified in increa ing order of qualification from 
VT-1 to VT-3. 
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2.8.6 Liquid Penetration Testing (PT) 
A visible or fluore cent penetrate is applied to the surface for a few minute (dwell 
time), during which time the penetrant seeps into surface connected flaws. The excess 
penetrant that did not penetrate the flaws is then wiped away. Finally, a contrasting spray 
or powder developer is applied to draw the penetrant back to the urface by capillary 
action. This will outline the flaw shape. 
Advantages ofPT 
• Can be used on uneven surfaces. 
• Portable. 
Limitations of PT 
• Flaw must be open to the surface. 
• Affected by surface cleanliness, roughness. 
• No permanent record. 
• Surface technique cannot determine depth of flaw. 
• Inspection to be followed by vapor degreasing or chemical cleaning. 
26 
2.9CLOSURE 
The current chapter provides the information about liquid storage tanks. An 
overview of the tank selection criteria is pre ented. Re earch work here in is limited to 
above ground storage tanks system, the tank base design, foundation ; materials of 
construction are presented accordingly. Corrosion in liquid storage tanks is described 
briefly, and corrosion detection procedures are presented in this section according to the 
recognized codes and standards. 
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CHAPTER3 
BASIC CONCEPTS IN PLASTICITY 
3.1 INTRODUCTION 
This chapter pre ents a summary of the theoretical concepts pertaining to the 
proposed research work. A brief review of theory of plasticity, limit analysis including 
limit load multipliers and estimations of remaining strength factor for storage tanks is 
presented. Evaluation of hydrostatic pressure on liquid storage tanks and inelastic finite 
element analysis is also covered briefly. Literature regarding Fitness-for-Service 
assessments for liquid torage tanks containing corrosion damage from previous 
investigations is reviewed and discussed. These theories and concepts are used 
extensively in this current research work. 
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3.2 THEORY OF PLASTICITY 
For limit analy i of components or structures theory of plasticity is considered as 
the basis. Structures or components are assumed to reach a certain limiting plastic state of 
the material before failure. 
In the plastic range, the trains are dependent on the hi tory of loading. In order to 
determine the final pia tic strain, the incremental strain must be added over the fu ll 
loading history. The principles and mathematical interpretation of the theory of plasticity 
and its field of applications are available in [29]. 
3.2.1 The Yield Criteria 
When the stress is uniaxial, a yield point at which the material begins to deform 
plastically can be readily determined. On the other hand, when the material is subject to 
multiaxial stresses yielding will occur. The most common yield criteria which are 
generally termed as failure theories for metal structure are briefly discussed below. 
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3.2.1.1 Tresca Yield Criterion (Maximum Shear Stress Theory) 
Maximum shear stress theory assumes that yielding will occur when the maximum 
hear tress in multiaxial state of the stress reaches the value of the maximum shear tre 
occurring under simple tension test. The maximum shear stress is equal to half the 
difference between the maximum and minimum principle stresses. For simple tension, 
only one principle stress exists (i.e cr1 = crv) and cr2 = crJ = 0. If the principle stresses are cr1, 
cr2 and crJ ( cr1 >cr2 >crJ). According to Tresca yield Criterion, yielding will occur when, 
(3.1) 
where cr y is the yield strength of the material. The Tresca yield criterion takes the form of 
a hexagon in two-dimensional stress space. The size of the hexagon depends on the yield 
strength of the material. The plot of the Tresca yield criterion for a two-dimensional state 
of stress is shown in figure 3. 1. The Tresca yield criterion is used extensively in design 
because of it simplifie the analysis and design, and is slightly conservative compared to 
the Von Mises criterion. 
30 
3.2.1.2 Von Mises Criterion (Distortion Energy Theory) 
Due to the elastic deformation strain energy is stored in the material. This 
deformation can be viewed as a combination of volume change and angular di tortion 
without volume change. The energy that is stored in the body due to angular distortion i 
called the shear strain energy or distortion energy. 
The distortion energy theory assumes that yield begin when the distortion energy 
equals the distortion energy at yield in simple tension. The distortion energy can be 
calculated as Ud = 1/ (2G) h, where G is the shear modulus and h i the second invariant 
of the deviatoric stress ten or which can be written in terms of principle stresses as : 
(3.2) 
At the yield point in simple tension, J2= 1/3 cr\ The von Mises yield criterion can be 
expressed as 
(3.3) 
The plot of the von Mises yield criterion for a two dimensional tate of stress is shown in 
the figure 3. 1 
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Tresca 
(Maximal 
shear) 
0 2 
--~~~----~----~~---
Figure 3. 1: Yon Mises and Tresca Yield Criteria ll7 J 
In the Figure 3. 1 it is observed that Tresca's yield surface is circumscribed by von 
Mises. Therefore, it predicts plastic yielding already for stress states that are still elastic 
according to the von Mises criterion. As a model for plastic material behavior, Tresca's 
criterion is therefore more con ervative compared to the von Mises yield criterion as it 
relates to failure. 
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3.2.2 Yield Surface 
Generally, the yield criterion depends on the complete three-dimensional tate of 
tress at the point under consideration. For a material loaded to the initial yield, the 
relationship for a yield criterion can be expressed as, 
f (crij) = K (3.4) 
where, <Jij is a stress tensor in three dimensional space, K is a known function. Equation 
(3.4) is called yield function and represents a hyper surface called yield swface. Any point 
on this surface essentially indicates the beginning of yielding. The yield surface is usually 
expressed in terms of (and vi ualized in) a three-dimensional principal stress space (cr1, 
cr2, cr3), a two- or three-dimensional space spanned by stre invariants (h h.h) or a 
version of the three-dimensional Haigh- Westergaard pace. In the Haigh- We tergaard 
stress space for principle stress (cr1, cr2, cr3) coordinate system, a line having equal angles 
with the coordinate axes (i.e., cr1= cr2= cr3= crm) corresponds to a hydrostatic stress state 
where the deviatoric stresses are equal to zero. The yield surface is plotted as a cylinder or 
prism along thjs line for Yon Mi es or Tresca criterion, re pectively. The inter ection of 
this yield surface with any plane perpendicular to the centerline will produce a curve 
called the yield locus (Figure 3.2) 
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Figure 3.2 Yield Surfaces [34] 
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The yield locus is the boundary of the elastic zone in three-dimensional stress space. 
3.3 THEORETICAL CONSIDERATIONS 
Limit analysis plays an important role m design and integrity assessment of 
mechanical components and structures. Limit load is the load at which uncontained 
plastic flow (plastic deformation) occurs in a perfectly plastic structure, and the structure 
is on the verge of collapse. The estimation of limit load for mechanical components 
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provide a better means of structural integrity assessment and fitness-for-service 
evaluation. Limit analysis is especially attractive as it simplifies the inelastic analysis by 
assuming an elastic perfectly plastic material model. 
Lower bound limit load is the load that a structure is able to carry safely during its 
service life and there is no permanent deformation of the structure. Lower bound limit 
load is attractive as it provides accurate margin of safety against load controlled plastic 
failure modes. The exact limit load multiplier is available only by performing a plastic 
limit analysis. Several estimates and bounds of the exact limit load multiplier can be 
obtained from an elastic analysis. 
3.3.1 Classical Lower Bound Multiplier 
The lower bound multiplier can be directly obtained by applying the lower-bound 
theorem of plasticity. Assuming that some stress distribution throughout the component 
or structure can be found, which is everywhere in equilibrium internally, balances the 
external loads and at the same time does not violate the yield condition. Then the 
corresponding applied loads will be less than or equal to the exact limit load, and will be 
carried safely by a sufficiently ductile material. If (Jy is the yield strength of the elastic-
perfectly plastic material, then the classical lower bound multiplier (mL) can be expressed 
as 
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(3.5) 
where, Pis the applied load and PL i the limit load. 
Statically admissible stres distributions can be constructed by "inspection", or by 
using a closed form linear elastic solution. When a finite element analysis is performed, 
the stress distribution inside each element is approximate. Therefore, mL obtained from 
linear elastic FEA is only a mesh-dependent estimate that is expected to converge to the 
exact value as the mesh is refined successively. 
3.3.2 Upper Bound Multiplier 
In classic Limit analy i , the tatically admissible stress field (equilibrium set) can 
not lie outside the yield surface and the stress associated with a kinematically admissible 
strain rate field (compatibility set) in calculating the plastic dissipation should lie on the 
yield surface. Mura et al. propo ed an approach that eliminate such a requirement and 
replaced it by the concept of integral mean of yield based on a variational formulation. 
The integral mean of yield criterion can be expressed as, 
f Jl 0 lr(~~ ) + ((/) 2 jdv =0 (3.6) 
Vr 
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where, s~ is the statically admissible deviatoric stress for impending plastic flow; rp0 is a 
- o 
point function which takes on a value of zero if S ij is at yield and remains positive below 
yield. The flow parameter/ i defined through the associated flow rule as, 
(3.7) 
-o 
where, p0 ~0 (statically admissible set) and £;1 is the strain rate. Now, Sij = m0 s;~ 
where s~ corresponds to the applied traction, 'f; . The von Mi es yield criterion can be 
expressed as, 
- 3- -
f(S ij ) =-SijS ij - ()~ 
2 
(3.8) 
Assuming an unspecified but constant flow parameter/ and performing the necessary 
mathematical manipulations Eq. (3.8) becomes [61, 
0 ()YFr 0 
m = ----;:::::::::0:::=== ; rp = 0 I (O',q )2 dV (3.9) 
v, 
where, (Jeq is the von Mises equivalent stress and Vr is the total volume. Proof of the 
upper-boundedness of m0 is presented in Reinhardt and Seshadri [II] 
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3.3.3 The ma Multiplier 
The ma multiplier method [6] was developed on the basi of variational concepts in 
plasticity. The method has explicit dependency on the upper bound multiplier, m0 , and 
the classical lower bound multiplier, mLand can be expresses as 
The issue of lower-boundnes of rna has been discussed by Reinhardt and Seshadri [II] . 
Rewriting the expression for ma by normalizing with the a yet undetermined exact 
multiplier (m), the following equation can be obtained: 
(3.1 1) 
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Due to normalization, Rn =I represents the boundary between the upper bound 
(Rn> I) and lower bound (Rn< I), as shown in Fig 3.3. The value of mn becomes imaginary 
when m0 lmv I+ ~2, as would be the case for components with notche and cracks. 
In Eq. 3.11, the exact multiplier (m) for a component being analyzed is generally 
unknown. As well, m0 I mL, which is equal to ((crc)maxi<Jrct), is a measure of the theoretical 
stress-concentration factor of the notch. 
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Figure 3.3 Regions of lower and upper bounds of mn [ 13] 
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The region bounded by m0(max), l :S m01mL:::; 1 +..,;2, and l:S m01m:S 1 +..,;2 is designated as 
the ma triangle. 
3.3.4 The rna - Tangent 
The ma multiplier method [6] was developed on the basis of variational 
concepts in plasticity. The method has explicit dependency on the upper bound multiplier 
m0 and the classical lower-bound multiplier mL. The upper bound multiplier, m0, depends 
on the entire stress distribution in a component or structure whereas mL depends on the 
magnitude of maximum stress. Therefore, for components with sharp notches and cracks, 
the value of m0/ mL will be high due to the presence of peak stresses. 
With respect to figure 3.4, the following can be stated: 
(1) When m approaches mL, the domain of statically admissible m0 is bounded by the 
45-degree (R0 (max)) line and the positive x-axis. 
(2) When m approaches m0, the domain of statically admissible m0 is represented by the 
line m= m0. 
(3) The exact solution (m) locus would lie somewhere between the positive x-axis and 
the 45-deg line (R0 (max)). 
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(4) The tangent to the Ra= l curve at the limit state (mL = m0 = m) will locate the ma-
tangent, which can then be used to estimate the multiplier m. 
The determination of the mu- tangent is as fo llows. Equation (3. 1 0) can be represented by 
a curve in two dimensional space, as shown in Fig. 3.3. The slope of the tangent at the 
limit state, where ma=m0=mL=m, can be obtained as 
(3. 12) 
Therefore, the slope of the tangent (Rar = 1) line at the converged limit state is 
tan (9) = 0.2929 
The equation corresponding to Ra r = I can be obtained as 
mo 
- = I + (( - I) tan( B) (3. 13) 
m 
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y - axis 
Figure 3.4 The ma_tangent construction [ 131 
The exact limit load multiplier (m) for most of the practical components and 
structures being analyzed is not known a priori. For the rna-tangent method, It can be 
defined by making use of the tangent (RaT -line in Fig. 3.3) for any value of~· Both R0 
and ~ are greater than I , except at the limit state for which R0= ~= I. It should be noted 
that the reduction in m0 along the RaT =I trajectory implicitly accounts for the reference 
volume. Therefore, m0 will converge to the exact multiplier a the trajectory approaches 
the origin. 
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3.3.5 Blunting of Peak Stresses 
Secondary and peak tre e are set up by redundant kinematic con traint (or static 
indeterminacy) in a component. ASME Boiler and Pres ure Vessel codes [21, 221 
explicitly recognize these stresses and related constraint effects. Figure 3.5 shows the 
stress distribution in the ligament adjacent to the notch tip, where x-axis represents the 
distance ahead of the notch tip, and y-axis is the equivalent stress. 
(J 
0 
Elastic Analysis based 
Secmrdary Stresses (QJ 
Figure 3.5 Stress distribution ahead of notch tip [ 13] 
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Peak stresses 
Primary stresses 
X 
As can be seen from this figure, the magnitude of the equivalent peak stress (a") at 
the notch tip is considerably high; however, it is assumed that the peak stresses are very 
localized and that the following expression is valid 
(3.14) 
Where A is the representative area on which a" acts. 
With re pect to the constraint map RaT =I line can be identified, as shown in Figure 
3.4. This line is tangential to the RaT= I curve at the origin (m%,t= I, m0/mL =I). 
3.3.6 Significance of~· =1 + ~2 
The point D (Figure 3.4) can be determined by finding the intersection of the 
Rar =I line and the reference two-bar model [23] equation, that is, 
m0 I+ A. 
-= 1+(( - l)tan(B) = f1 
m 2vA. 
I I 
Where A. = (i and tan (8) = I - ..[2 (3.15) 
The intersection points work out to be s· = l.O and I+ ~2. The RaT= I line represents a 
combination of primary and secondary stresses that exi t in the pressure components. 
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3.3. 7 The ma· Tangent Method 
Once the Rar = I line is identified, the m: value can be readily estimated by the 
relationship 
0 
r m 
m =-----
a 1+0.2929(( - 1) (3. 16) 
The slope of the R/ = I line is equal to the tan (9) = ( 1 - 1/~2) . The value of m0 and scan 
be determined from statically admissible distributions obtained from linear elastic FEA. 
Two cases are considered next. 
Case I: s ::; I +~2, negligible peak stresses. For this case, point A (Figure 3.4) is assumed 
to lie on the Rar = I line. The value of the m: can be obtained from equation (3. 16). This 
case usually applies to well-designed pressure components with gentle geometric 
transitions. 
Case 2: s > 1+~2, presence of peak stresses. This case applies to well-designed 
components that develop flaws or cracks in service or to components with sharp notches. 
The aim here is to blunt the peak stresses prior to evaluating m:. 
45 
With respect to Figure 3.4, the initial linear elastic PEA locates point Bon the R/ = 
I line and point B' on the TBM [23] locus corresponding to Si = m;0 I m L ;. The ub cript i 
refers to the initial point B and B '. The calculation procedure is as follows. 
I. Perform a linear elastic analysis. 
2. Locate points Band B'. Point B represents the combination of primary and secondary 
stresses whereas point B' repre ents the combination of primary, secondary, and peak 
stresses. 
3. Construct a horizontal line from points B to B'' signifying an invariant m;0 (blunting of 
peak stresses). Designate the value of m0/mL at B" as sr , which can be obtained by 
solving the following equation: 
m.o ( } +1 
- ' = 1+0.2929((; - 1)=--
m 2(1 
The roots of equation (3. 17) are 
Where c = 0.2929 (si-1) 
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(3.1 7) 
(3.18) 
4. The value of m: can be evaluated by the equation [ 13] 
0 m. T I 
m = 
a I +0.2929((1 - 1) 
(3. 19) 
For some geometric transitions for which s > I +~2, redistribution secondary stresses 
could occur along with peak stresses. In such cases, the value of m;0 is not constant 
during the blunting of peak tres es, and there is a gradual reduction in its magnitude. 
The e cases are usually attributed to components undergoing highly localized plastic flow 
such as beams and frame structures. 
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3.4 REMAINING STRENGTH FACTOR (RSF) 
The remaining strength factor (RSF) proposed by Sims et al. [ 12] is used as a ba i 
for the evaluation of thinned areas in pressure vessels and storage tanks. It is a 
dimensionless parameter and is based on the primary load carrying capacity of the 
structure. The RSF of a component containing damage is computed as the ratio of the 
strength of the damaged component to that of the component before damage. The 
remaining strength factor is defined as: 
RSF (3.20) 
where 
Ldc = Limit or plastic collap e load of the damaged component (Component with 
flaws), and 
Luc = Limit or plastic collapse load of the undamaged component 
For tankage, the RSF acceptance criteria is [32]: 
MFH,=MFH (RSF/RSFa) for RSF< RSFa (3.21) 
MFHr=MFH for for RSF ~ RSFa (3.22) 
48 
where 
RSF = Remaining strength factor computed based on the flaw and damage mechanism 
in Component 
RSFa = Allowable remaining trength factor 
M FHr= Reduced permissible maximum fill height of the damaged tank course, and 
M FH = Maximum fill height of the undamaged component 
(f the calculated RSF i higher than the allowable RSF, the component is safe for 
operation. The recommended value for the allowable Remaining Strength Factor is 0.90 
for equipment in process services [I]. This value may be reduced based 
upon the type of loading (e.g. normal operating loads, occasional loads, short-time upset 
conditions) and/or the con equence of failure. 
The von Mises yield criterion can be expressed as 
(3.23) 
where m~ is the statically admissible multiplier for the damaged component, CJ, is the 
statically admissible equivalent stress, and CJY is the yield stress. For component 
containing corrosion damage, the integral mean of yield using von Mises criterion can be 
expres ed by integration of Eq. (3.6) as 
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(3.24) 
where suffix U refers to the uncorroded region of the reference volume and uffix D 
refers to the corroded region, (J,u is the equivalent stre in the original shell and (),0 is 
the equivalent stress in the corroded area of the shell. Rearranging Eq. (3.24), we can 
obtain 
(3.25) 
Three RSFs are considered next for evaluation of industrial storage tanks containing 
corrosion damage. 
3.4.1 RSF Based on the Upper Bound Multiplier 
The remaining strength factor RSFu is based on the integral mean of yield criterion, 
along with the von Mi es failure criterion. The upper bound RSFu is obtained using m~ 
as 
(3.26) 
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where m~ = CYY I CY.u is the upper bound multiplier for the undamaged shell, and m~ is 
obtained from the integral mean of yield criterion. Since RSFu is the ratio of an upper 
bound multiplier of a damaged component to that of the component in the undamaged 
condition, the RSF will be an upper bound estimate. 
3.4.2 RSF Based on the mu-Tangent Multiplier 
The second RSF is obtained by using the m-alpha tangent multiplier ( m~ ), 
proposed by Seshadri and Hossain [ 13]. The m-alpha tangent multiplier based on Eq. 
(3.10), as described in section 3.3.6 of this thesis, can be used to calcu late the RSF as 
follows 
(3.27) 
While using Eq. (3. 16) in order to evaluate RSFr , the classical lower bound multiplier 
can be obtained as m L = m LJJ (= CYy jCY.0 ) and the upper bound multiplier m 0 is equal to 
m~ as defined in Eq. (3.25). 
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3.4.3 RSF Based on Classical Lower Bound Multiplier 
The third remaining strength factor RSFL is based on the cia ical lower bound 
limjt load multiplier mL and is given by, 
(3.28) 
where the classical lower bound multiplier mUJ = uY ja.0 for corrosion damage. This 
RSF gives very conservative estimation of the assessment. The above mentioned RSFs 
are also used in this current research for FFS evaluation of storage tanks containing 
corrosion damage. 
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3.5 INELASTIC FINITE ELEMENT ANALYSIS 
The finite element method is a numerical technique, which can be applied for a wide 
range of engineering structures. Generally, engineering structures are complex m 
geometry and loading. Such problems are mathematically complex to be solved by 
classical analytical methods. FEA is a discrete analysis technique in which a large 
structure is divided into a number of simpler regions for which approximate solution are 
easily obtainable. The procedure results in a large number of simultaneous algebraic 
equations, which are effectively, solved using a computer. 
Non-linear finite element methods make inelastic analysis a viable approach for 
many engineers with the recent advancements in computer technology. If non-linear 
analysis can be performed, application of code rules is considerably simpler than the 
elastic stress categorization approach. Inelastic analysis is often performed using 
commercially available software packages (ANSYS, ABAQUS) 
It is easier to solve structures with linear elastic behavior rather, than those 
experiencing inelastic deformation. In linear elastic analysis, the load-displacement 
relationship is linear. The problem is solved in a single-stage solution procedure. In 
inelastic analysis, the load-displacement relationship is nonlinear and therefore, the total 
load is appHed in increments. The problem is solved in iterative manner, and is based on a 
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piece wise linear or incremental solution method. For each load increment, the stiffne s 
matrix is updated to take account of changes in material propertie of the elastic-plastic 
region. Moreover, each load step must satisfy certain convergence criteria, thereby 
balancing the calculated internal forces and moments and applied load. 
Inelastic FEA i elaborate and provides considerable information about the 
structural behavior between the yield stress and collapse tate of the structure. The 
analysis is complex and requires greater computing resources in order to perform several 
iterations to find the equilibrium displacements of load increments and store the 
intermediate data. 
However, the non-linear FEA pose certain drawbacks. The definition of material 
models and the control of load increments to define the material properties have to be 
done precisely. Knowledge of available non-linear techniques is mandatory to achieve 
convergence. Convergence fai lure occurs for the load steps when the plasticity pread i 
significant and near collapse states thereby underestimating the limit loads. Selection of 
appropriate element and its mesh den ity greatly affects the inelastic analysis results. The 
designer's experience and expertise also plays a major role in deciding the olution 
control process. 
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In this current research Level 3 inelastic RSF is evaluated to verify the Level 2 
RSF obtained from the proposed analytical and linear elastic FEA ba ed methods. 
Appropriate strain limit are u ed to obtain the collapse load of the structure. Sims et al. 
( 1992) proposed a conservative limit on the amount of pia tic strain in LTA ba ed on 
numerous inelastic FEA. They argued that a limit of 2% plastic strain at any location 
provides a reasonable and conservative estimate of the actual collapse load of the 
structure. In the present work, I% plastic strain at the middle fiber of any location in the 
LTA is considered as the limit for plastic collap e load e timation. The approach is 
consistent with the work reported in [5, 7, 8, I 0] on FFS as essment of thermal hot pot 
and corrosion damage. 
3.6 HYDROSTATIC PRESSURE ON LIQUID STORAGE TANKS 
Liquid storage tanks experience differential pressure on the vertical wall of the tank 
due to the hydrostatic head. Pressure vessels and piping systems generally experience 
uniform pressure. In order to apply the concept of decay lengths and reference volume, 
originally derived for pressure vessels and piping subjected to uniform internal pressure, 
equivalent hydrostatic pressure needs to be calculated for the kinematically active 
volume. 
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Rc 
Rectflnp:ulflr Conosion 
Remflining Vessel 
Fig. 3.6 A schematic diagram of rectangular L TA in a storage tank 
Since the pressure varies with depth, the variation can be represented by Figure 3.7, 
where the pressure is equal to zero at the upper surface and equal to yH at the bottom and 
y is the specific weight of liquid. 
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Fig 3.7 Graphical repre entation of hydrostatic force on a vertical rectangular surface 
With respect to figure 3. 7, equivalent hydrostatic pre sure on the L T A is evaluated using 
the following equation: 
(3.29) 
(3.30) 
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For calculating the equivalent hydrostatic pressure the total area of the reference 
volume LTA where the hydro tatic pressure acting is divided into two regions as shown 
in Fig. 3.7 For triangular region centroid lies at one third of its height from the base and 
for rectangular region it lies at half of height from the ba e. Equivalent distance X c is the 
vertical distance from the fluid surface to the centroid of the LT A. Equivalent distance 
(X c ) is obtained by using the centre of gravity for triangular (X J) and rectangular (X2) 
profiles and there respective areas. 
The current approach to find the equivalent distance is consistent with the work 
reported by Munson et al [ 16] to evaluate the location of the resultant force on a 
cylindrical oil storage tank. Equivalent pressure (Pcqv) on LTA is calculated using 
equivalent distance (X c ), den ity of liquid ( p) and gravitational acceleration (g). 
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3.7CLOSURE 
A review of the theory of plasticity, classical lower bound multiplier, upper bound 
multiplier, rna method and the rna-tangent multiplier method ha been undertaken in this 
chapter. Three remaining strength factors exercised in the current study are based on 
classical lower bound multiplier, rna-tangent multiplier and upper bound multiplier. These 
remaining strength factors are employed in chapter 5 to evaluate the RSF of a liquid storage 
tank containing corrosion damage. Level 3 inelastic finite element analysis is discus ed 
briefly in this chapter, as it is used in this current research to validate the results obtained 
from the proposed methods. This chapter also presents the procedures for evaluating the 
equivalent hydrostatic pressure on liquid storage tanks containing corrosion damage. The 
application of the rna-tangent multiplier to evaluate the remaining trength factor of a liquid 
storage tank with corrosion damage will be presented in chapter 4. 
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CHAPTER4 
FITNESS FOR SERVICE (FFS) PROCEDURE 
4.1 INTRODUCTION 
Integrity assessment of mechanical components and structures i a multidisciplinary 
effort. Structural integrity is of considerable interest in many industrial sectors e.g., oil 
and gas, nuclear, and petrochemical industries. Integrity assessment is considered an 
essential tool in order to ensure the safety and economy of an operating plant. Fitne s- for-
service (FFS) as essments are performed in order to demonstrate the structural integrity 
of mechanical components and tructures undergoing damage. FFS assessment also aids 
in optimal maintenance and operation of the plants. In practice, FFS evaluations are 
conducted periodically in order to assess the acceptability of the components for 
continued service a well as to estimate the remaining life of the component or 
structures. Recommended practice and procedures associated with FFS asse ment are 
API 579 [1], R6 [2], SINTAP [3], and RSTRENG [4]. For pressurized equipments in 
operating plants, API 579 has provided three levels of assessment. 
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4.2 EFFECTIVE AREA METHODS 
The study of pressure vessel containing blunt metal-loss or corrosion damage, 
usually considered as a locally thinned area (LTA), has been far more elaborate compared 
to that for thermal hot spot problems. However, most studies are on the evaluation of 
piping and cylindrical vessels. 
The ASME B31G, modified B31G and RSTRENG methods form a class of 
evaluation methods that replace the actual metal loss with an "effective" cross sectional 
area. The remaining pressure carrying capacity of the component i.e. pipeline or 
cylindrical vessels are calculated based on the amount and distribution of metal loss, and 
the yield strength of the component. Note that for crack-like defects and defects caused 
by stress corrosion cracking (SCC), the failure mechanism is ba ed on material toughness 
and the evaluation procedures are different. sec is cracking due to process involving 
conjoint corrosion and straining of a metal due to residual or applied stress . This requires 
specific combinations of metal and environment such as chloride cracking of stainless 
steel or hydrogen embattlement of high strength steels (Cottis, 2000). This type of 
corrosion is currently dealt with by Level 3 assessment according to API 579 [I] and is 
not of direct interest in the current research. 
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The effective area method was first developed from a semi-empirical fracture 
mechanics relation hip by Maxey, et al. ( 1972). The method assumes that the strength 
loss due to corrosion is proportional to the amount of metal los measured axially along 
the pipe (s). The remaining strength factor is based on a Dugdale plastic-zone-size model 
and a "Folias" factor. Folias factor is a bulging stress magnification factor used in 
through-wall crack in pressurized cylinder [ 12]. An empirical flaw-depth-to-pipe-
thickness relationship is used to modify the Folias factor to account for part-through wall 
effect ba ed on "effective" cro s ectional area. This method a sumes that the flaw fails 
when the stress in the flaw reaches the flow stress anow· The nominal pipe wall hoop 
stress at failure in the flaw is given by 
(4. 1) 
Where, A is the corroded area in the cross section, Ao is the cross sectional area, M is 
Folias factor. The term in the bracket is proposed as the effects from effective area for a 
surface flaw. 
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4.2.1 ASME B31G Criterion 
The expression for nominal hoop stress at failure a fai l of a flaw used by ASME 
B31G [9] is 
a fail = 1. 1 a y RSF 
RSF =[ l- (2 / 3)(d/t) l 
1- (2 /3)(d I t)(M _,) 
(4.2) 
(4.3) 
where, a y is the yield stress, d is the maximum depth of corrosion and t is the pipe 
thickness. The Folia factor, used in this assessment is a function of the corrosion axial 
length s, the pipe diameter D, and t as 
(4.4) 
It can be observed by com pari on of Eq. ( 4.1 ) and ( 4.2) that thi method assumes that 
flow stress a flow = 1.1 ay . The flow stre s used in this method is con ervative when 
compared with yield stress for cylinders calculated using von-Mises criterion with elastic-
perfectly plastic model which is equal to 2/ .J3 ay or 1.15 ay . The corrosion flow is 
assumed to have a parabolic hape and hence parameter A = 2/3 sd and Ao= st. The two-
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term form of the Folias bulging factor is used to simplify the calculation. However, this 
two-term is only applicable to flaws with sf .fii < 6.3 and d!t ~ 0.175. Beyond this 
length, the flaw depth is limited to I 0 percent of the wall thickne s. This limitation in a 
discontinuity in the flaw assessment criterion that contributes frequently to excessively 
conservative evaluations of LTAs in pipelines 
4.2.2 Modified ASME B31G Criterion 
The modified 831 G criterion attempts to reduce 831 G simplifying 
assumptions and associated conservatism. The modified 831 G criterion is given by 
RSF = [ 1- (0.85)(d It) l (4_6) 
1- (0.85)(d I t)(M -I) 
where, M = 1 + 0.6275( ~~ J-o.ooms( ~~ J for ( ~~ J ~ 50 and 
M =0032( ~~ l 
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For (~~)>50 
The flow stress u ed in Modified 831 G is less conservative than 831 G; for high 
trength pipeline material such as API 5L X80, the flow stress calculated by using Eq. 
(4.5) is 1.125 ay . Flow lower strength material such as API 5L grade A, with a yield 
stress of 30000 psi, the flow stress becomes 1.333 ay . This assumes that the material 
attains significant amount of strain hardening after yield. An empirical fit factor of 0.85 is 
also used in thi criterion instead of the ''2/3" area factor resulting from the as umed 
parabolic shape. ln addition, the more accurate 3-term expre sion for the Folias bulging 
factor is utilized and hence the discontinuity that exists in 8 is eliminated. 
4.2.3 RSTRENG 
The more accurate computation of the effective area is developed by applying more 
detailed corrosion profiles with the help of PC-based software known as RSTRENG. 
RSTRENG uses the le s conservative definition of flow stre and the 3-term Folias 
bulging factor de cribed in the Modified 831 G. The equivalent axial profile can be made 
by plotting points along the deepest path of the contour map, often referred to as the 
critical thickness profile (CTP) or "river bottom" of the flow (Figure: 4.1) . RSTRENG 
computes the failure pressure based upon all possible flaw geometries along the river 
bottom and reports the lowe t as its result. Although RSTRENG provides more accurate 
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results, difficulties can often arise because of a large amount of information must be 
collected. 
Path of minimum thickness reading 
In the longitudinal direction 
(a) Longitudinal CfP 
M5 
C1 C2 C3 C4 C5 C6 C7 
• • f • 
----- t 
Path of minimum thickness readings In 
the drcumferentlal direction 
(b) Circumferential CfP 
Figure 4.1 Procedure to establish the critical thickness profiles (CTP) 
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Note that the effective area method is a strength dependent method in which material 
toughness is not considered. Toughness is the ability of the material to with tand fracture. 
This implies the assumption of ductile material which i able to undergo large 
deformation before failure and the fracture is non-crack-like. 
4.3 FITNESS-FOR SERVICE ASSESSMENT PROCEDURE 
Fitness-for-Service asse sments are quantitative engineering evaluation that are 
performed to demonstrate the tructural integrity of an in-service component containing 
flaw or damage. Three levels of assessment are presented by API 579 as given below: 
Level I : The asse sment procedure included in this level are intended to provide 
conservative screening criteria that can be utilized with a minimum amount of inspection 
or component information. Level I assessment may be performed by either plant 
inspectors or engineering personnel. 
Level 2: The assessment procedures included in this level are intended to provide a more 
detailed evaluation that produce results that are more precise than those from a Level I 
assessment. In a Level2 A se sment, inspection information imilar to that required for a 
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Level I assessment are needed; however, more detailed calculations are used in the 
evaluation. Level 2 assessments would typically be conducted by plant engineers, or 
engineering specialist's experienced and knowledgeable in performing FFS assessments. 
Level 3: The assessment procedures included in this level are intended to provide the 
most detailed evaluation which produces results that are more precise than those from 
a Level 2 assessment. In a Level 3 assessment the most detailed inspection and 
component information are typically required, and the recommended analysis is based on 
numerical techniques such as the finite element method. A Level 3 analysis is primarily 
intended for use by engineering specialists experienced and knowledgeable in performing 
FFS assessments. 
As mentioned previously, the current study aims at deriving Level 2 methods for 
FFS assessment of liquid storage tank experiencing hydrostatic pressure with corrosion 
damage. Evaluation procedures for cylindrical storage tanks are based on rna-tangent 
multiplier, reference volume and variational principle. 
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4.4 API 579 EVALUATION PROCEDURE 
The metal loss in pressure vessels due to corro ion is divided into two main 
categories in API 579 (2000). The a sessment procedure is classified as 
• General Metal Loss Rules 
• Local Metal Loss Rules 
In order to distinguish between general metal loss and local metal to s, characteri tics of 
the metal loss profile should be known in detail. The main difference between the 
assessment approaches of these two types of metal losses is that the amount of data that is 
required for the assessment. The general metal loss rules are based on the average depth 
of metal loss while the local metal loss rules are based on more accurate metal loss 
profiles, known as the critical thickness profiles (CfP's). Both general and local metal 
loss rules provide guidelines for Level I and Level 2 assessments. The present thesi 
focuses on the evaluation of local metal loss, which is generally termed as "locally 
thinned area" (LTA). 
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4.4.1 Levell Assessment procedure from API 579 
The API 579 assessment provides a consistent result for regions of metal lo with 
significant thickness variability (Osage, 200 I). Two acceptance criteria are included; a 
simple level I criterion ba ed on length and depth dimensions. Level 2 criterion i more 
complex based on the detailed cross-sectional profile. The assessment procedures for 
circumferential stress in pressure vessels with LTA subject to internal pressure are as 
shown below. The remaining thickness ratio, R, and the metal loss damage parameter, )., 
are computed as 
R = t,11, - FCA 
I 
( min 
). = 1.285L .. 
fi5tmin 
t,111, is the minimum measured remaining wall thickness. 
(4.7) 
(4.8) 
t111;11 is the minimum required wall thickness in accordance with original construction 
code 
FCA Future Corrosion Allowance 
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Lmstl is the distance between the flaw and any major structural discontinuity 
L111 is the mea ured axial extent of corrosion 
D is the outer diameter of the cylinder 
The stress at fai lure of LTA is computed as 
(JY · RSF 
(Jfail = Q,g (4.9) 
RSF = R, 
1- (1- R, )M _, (4.10) 
where, M =~I +0.48A? 
The geometrical limitations on the region of local metal loss are 
R, 2: 0.20 
1111;11 - FCA 2: 2.5 mm, where Lmsd is the shortest distance between the 
edge of corrosion area and the discontinuity. 
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4.4.2 Level 2 Assessment procedure from API 579 
Level 2 assessment procedure can be used to provide a better estimation 
of the RSF (API 579, Sec 5.4.3). The inherent strength of the actual thickness profile is 
evaluated using an incremental approach to ensure that the weakest ligament is identified 
and properly evaluated. The limitations are stated in equations ( 4.1) and ( 4.2) are 
satisfied, and if "A :S 5.0, then the RSF is computed for each of the subsections (Fig 4.2) of 
the critical thickness profile in both longitudinal and circumferential directions using the 
eq (4.10). 
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Figure 4.2 Subdivision process for Determining the RSF 
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where, i o = L; f111;11 is the original area based on L; 
1.02 + 0.4411(1)2 + 0.006124(1)4 
1 + 0.02642(1)2 + 1.533(10-6 )(..1/ 
where "i" corresponds to respective subdivision 
(4. 11) 
(4.12) 
The RSF calculated in this expression gives more accurate results due to the smaller size 
of the subsection. 
4.5 FACTORS INFLUENCING CORROSION FAILURE 
An accurate FFS evaluation for a liquid torage tank having a corrosion spot is 
complex. A number of parameter affecting the behavior of the flaw and the failure of the 
component. From the experimental studies it is evident that the fai lure of corroded 
component can occur either by ductile failure (non crack-like flaws) or toughness 
dependent failure (crack-like flaws). This current study focuses on the non-crack-like 
corrosion in storage tanks. 
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In order to determine the strength of corroded components, corrosion damage is 
considered as locally thinned area (LTA). The applied loadings, geometry of the tank, 
corro ion profile and its material characteristics all drive the failure of the locally thinned 
area a shown in the Table 4.1. 
Applied Loading Geometry Material Characteristics 
Internal Pressure • Tank Dimensions • Yield Strength 
- Diameter • Ultimate Strength 
- Wall Thickness • Fracture Toughness 
• Defect Geometry • Pia ticity/Strain 
Hardening 
- Depth 
• Limiting Strain for 
- Length acceptable performance 
- Width 
- Shape/Profile 
Table 4.1 Factors influencing the behavior of LTA 
The applied loads include the direct surface traction (internal pressure) and the net section 
tensile, compressive loads. 
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The overall schematic of the factors contributing to failure of LTA is illustrated in Figure 
4.3 Failure occurs when the effect of driving forces which induce the stresses and strains 
exceeds the material resistance. 
Geometry 
Applied Loads 
[nduced 
Stress-Strain 
Driving Force 
Material Resistance 
to Failure 
Resistance 
Figure 4.3 Schematic diagram of primary factors controlling the behavior of locally 
thinned areas [43] 
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4.6 METHODOLOGY FOR PROPOSED LEVEL 2 FITNESS-FOR-
SERVICE (FFS) EVALUATION FOR LIQUID STORAGE TANKS 
In this current research, cylindrical liquid storage tank containing irregular profiles 
of flaws are represented by equivalent regular shapes to facilitate the evaluation 
procedures for remaining strength factor. A flaw profile is replaced by an equivalent 
rectangle enclosing the defect with the edges along circumferential and meridian 
directions of the shell as shown in the Figure 4.4 
t 
I 
D 
I 
Figure 4.4 Rectangular Equivalent Area in Cylindrical Vessel 
When corrosion damage occurs in a component with internal pressure, the damaged 
region undergoes higher deformation than the undamaged region. Excessive plastic 
deformation in a damaged area can lead to plastic collapse over a localized region of a 
component. The concept of reference volume has been introduced by Seshadri and 
Mangalaramanan [6]. Thi concept is to identify the kinematically active portion of the 
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structure that participates in plastic action. The reference volume prescribes the 
containment of effects of local stresses and strains acting on a structure. The current 
approach to find the Remaining Strength Factor (RSF) is consistent with the work 
reported by Tantichattanont et at. [ 17]. 
Geometry of Storage 
Tank 
(Diameter, Wall 
Thickness) 
Estimation of Decay Length 
Damage Geometry 
(Depth, Length, Width, 
Equivalent shape and area) 
I 
Damage Volume 
and Reference 
I 
1 
Materials Characteri tics 
(Yield Strength, Young's 
modulus, Plastic modulus) 
Yield Criteria 
(Von Mises) 
1 
Limit Load Multipliers 
(based on variational formulation) 
1 
Remaining Strength Factors 
Figure 4.5 Contributing parameters to the proposed Level 2 evaluation methods [ 171 
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4.7 DECAY LENGTH AND REFERENCE VOLUME 
The concepts of decay length and reference volume has been discussed by Seshadri [5] in 
order to identify the kinematically active portion of the hell that takes part in plastic 
action. During local plastic collapse, the plastic action is assumed to occur in a localized 
region as shown in Fig. 4.6. 
4.6.1 Decay Length 
The localized effect of discontinuities due to corrosion damage in pre surized 
components is represented by introducing the concept of decay length. The decay length 
is defined as the distance from the applied force (or moment) to the point where the effect 
of the force is almost completely dissipated or becomes negligible. To deduce the 
expression for decay lengths in the axial direction, consider a cylindrical shell subjected 
to axisymmetric loading. In this case, the displacements are independent of the 
circumferential coordinate. For pre ure vessels and piping, taking u = 0.3, the decay 
length in axial direction become [5] 
(4.13) 
The decay length in circumferential direction for cylindrical hell can be calculated as 
[ 14] 
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(4.14) 
Since the extent of decay length in shells is dependent on shell curvature, the decay 
lengths in circumferential and axial directions are different. Justification of the decay 
lengths in cylindrical hells will be di cussed in the following section. 
4.6.2 Reference Volume 
When damage occurs in a pressurized component, a part of the volume, adjacent to 
the damage, participates in the failure mechanism. A reference volume is the sum of the 
volume of damaged portion of the vessel (LTA) and the adjacent volume affected by the 
damaged portion. The adjacent volume is the effective undamaged volume outside the 
damaged area that participates in plastic action and is part of the reference vo lume. The 
dimen ions of the adjacent volume are calculated by using the decay lengths. An 
equivalent rectangular shape is utilized to represent an irregular shape of a corroded 
damage in cylindrical shells. Although the thickness of the corrosion is irregular in 
practice, generally a uniform depth is considered. Maximum corrosion depth i the 
conservative assumption. For a damaged area of width 2a in circumferential direction and 
length 2b in longitudinal direction of a cylindrical shell, as shown in Fig. 4.6, the volume 
of the damaged spot V0 can be calculated as, 
(4.15) 
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where, hd is the thickness of the damaged area. The adjacent volume is the strip around 
the damaged volume that participates in plastic action and is bounded by decay lengths of 
cylindrical shells. Therefore, the adjacent vo lume i given by, 
(4.16) 
where, Xi and Xc are decay lengths of cylindrical shells in axial and circumferential 
directions, respectively. The reference volume is therefore the sum of the above volumes 
where , Vv = Damaged Volume 
Vu =Undamaged Volume 
Reference volume 
I ·. 
I 
Rectangular hot spot 
or Con·osion damage 
', ................. 'i... .......... ~...! 
I 
I 
I 
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2b 
(4.17) 
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Figure 4.6 Decay length and reference volume dimension for cylindrical shell 
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4.8CLOSURE 
Level 2 Fitness-for-Service assessment method are developed to estimate the 
remaining strength factor of cylindrical liquid storage tanks with locally thinned areas. An 
overview of the exi ting Fitness-for-Service assessments of corrosion damage is 
presented. It is observed that there is a lack of procedures for evaluating RSF for liquid 
storage tanks experiencing hydrostatic pressure rather than constant pressure, containing 
corro ion damage. 
The main factors influencing the behavior of pressurized components containing 
local damages such as corrosion damage, geometries of the damage and the shell and 
material characteristics are presented in this chapter. These major factors have been 
considered in the proposed Level 2 assessment based on the variational principle and the 
concept of reference volume. The reference vo lume identifying the vo lume participate in 
plastic action for cylindrical shells can be determined by using decay lengths of the shell. 
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CHAPTERS 
APPLICATION TO CYLINDRICAL STORAGE TANK 
5.1 INTRODUCTION 
Accurate structural analysis requires the concurrent satisfaction of the equilibrium 
equations, static boundary conditions, strain-displacement relations or compatibility 
conditions and kinematic boundary conditions. The stres es and strains are related by 
approximate material constitutive relationship; strain-displacement relations and 
equilibrium equations are independent of material property but have to ati fy both in the 
elastic and plastic range. The ba ic difference between ela tic and inelastic analysis i the 
choice of material constitutive relationship, which is linear in elastic range and non-linear 
in plastic range. The satisfaction of compatibility conditions within the structure 
demonstrates the continuity of the structure in terms of the main degree of fi·eedom, 
which is the displacement in structural analysis. In elastic range trains can be determined 
uniquely from the state of stress. In the inelastic range for determining the strains requires 
the knowledge of loading history. Conventional inelastic finite element analysis involves 
an iterative solution using the Newton-Raphson method. 
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In this chapter, a detailed parametric study of liquid cylindrical storage tank 
experiencing hydrostatic pressure having internal corrosion has been carried out. 
lndermohan and Seshadri [71 demonstrated the application of robust limit load solution 
for internally corroded pipeline with a radius to thickness ratio of greater than 50. 
Ramkumar and Seshadri [8] extended this work for a thicker pipeline having a radius to 
thickness ratio of about 30 with both internal and external corrosion. Tantichattanont et al. 
[IOJ have studied corro ion damage in spherical pressure vessels. Significant effort has 
been made towards the study of structural integrity of pressure vessels and piping sy tern 
undergoing damage. However, widespread research has not been reported in the area of 
structural integrity a sessment of industrial storage tanks with locally thin areas (LTA). 
Sims et al. [1 2] have studied LTA in gas storage tanks in the context of FFS assessment. 
They have reported re ult of some parametric analysi u ing inela. tic FEA, and have 
attempted to provide empirical equations for FFS assessment. 
In this current thesis a typical liquid storage tank [201 experiencing hydrostatic 
pressure, and having internal corrosion damage, is chosen for the study. Two alternative 
methods based on statically admissible stress fields are propo ed. The first method is a 
simple analytical approach, and the econd method is based on two linear elastic finite 
element analyses. The proposed methods are shown to give a conservative assessment of 
the remaining strength of storage tanks containing local thin areas. 
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5.2 FINITE ELEMENT MODELING 
In general, engineering structures are complex in geometry and loading. Such 
problems are mathematica lly complex to be solved by classical analytical methods. The 
finite element method is numerical technique, which can be applied for a wide range of 
engineering structures. FEA is a discrete analysis technique in which a large structure is 
divided into a number of simpler regions for which approximate solutions are expedient. 
The objective of the inela tic finite element analy is in thi current work i to validate the 
solution obtained analytically, since NFEA remain the most accurate numerical olution 
that may be obtained for complex engineering problems. 
Three-dimensional inelastic finite element analysis incorporating the effect of strain 
hardening was carried out u ing ANSYS [1 5]. Finite element models were created for 
simulating liquid storage tanks experiencing hydrostatic pre sure containing internal 
corrosion damage. The metal loss in the storage tank due to corrosion is modeled by a 
reduced section thickness at the corrosion site, with other characteristic dimensions being 
longitudinal and circumferential extent of corrosion. Due to the difficulty of modeling 
highly irregular actual corrosion profiles, simplified regular rectangular and square 
profiles of corrosion were imulated. Half of the structure is modelled by taking 
advantage of symmetry. 
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A three-dimensional solid continuum finite element model was constructed using 
the eight noded brick SOLID 185 element. This element has 3 degrees of freedom per 
node (displacements in X, Y and Z directions). Four element were used through the 
thickness in the corroded region. Since SOLID 185 element is linear element without 
mid-side nodes, an increased number of elements were needed to simulate the 
deformation behavior of the thinned area, and the discontinuity region between the 
corroded and uncorroded regions of the tank. The element ha pia ticity capability. 
Pressures may be input as surface load on the element faces. Further, such a fine me h 
prevents the occurrence of common meshing errors such as the error due to aspect ratio of 
the elements in the reference volume. All elements are automatically tested for acceptable 
shape in ANSYS. 
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5.3 MATERIAL MODEL 
The material used in the current research is SA 516 Gr. 55, which is common carbon 
steel for pressure vessel . An elastic modulus of 30x I 06 psi and a Poisson's ratio of 0.3 
were used in the current research. Yield stress of 30,000 psi was used. The effect of strain 
hardening is included in this analysis to take advantage of the post-yield behavior of high 
strength steels. Accordingly, a representative bilinear material model with a plastic 
modulus of SOx I 04 p i is u ed. Indermohan and Seshadri (2004) used elastic plastic 
material model with plastic modulus of SOx 104 psi .. 
Evaluation of a remaining strength factor in the present study assumes a material 
model almost equivalent to elastic perfectly plastic behavior as shown in Fig 5. 1. The 
Bilinear Kinematic Hardening (BKIN) option in ANSYS, which assumes that the 
structural materials pos esses significant amount of reserve strength beyond their yield 
limit. Therefore, it is reasonable that a certain portion of the reserve strength could be 
taken into account while pertorming the assessment, given that the difference between the 
yield and ultimate strength of the material is considerably large. By taking the ela tic-
plastic material model and performing strain-based assessment, a portion of the reserve 
strength is taken into account, which reduces the conservatism and hence avoids the ear ly 
repair or replacement of the component. 
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0.01 c 
Figure 5.1 Material Model for Finite Element Analysis 
Sims et al. [ 12] proposed a conservative limit on the amount of plastic strain in LTA 
ba ed on numerous inela tic FEA. They argued that a limit of 2% plastic strain at any 
location provides a reasonable and conservative estimate of the actual collapse load of the 
structure. API 579 [I] recommends limiting the peak strain at any location of the 
remaining ligament to 5% when a Level 3 analysis is performed. In present analysis, I % 
plastic strain is considered as the limit for plastic collapse load estimation. 
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5.4 ILLUSTRATIVE EXAMPLE 
In this section of the thesis, the estimation of the limit load and remaining trength 
factor of corroded storage tank with various configurations of corrosion profile is carried 
out. A liquid storage tank subjected to hydrostatic pressure, with no gas blanket pressure, 
is considered in this example in order to demonstrate the proposed Level 2 FFS 
assessment methods. The tank details are given below where the values given in the 
brackets are in SI unit . 
Shell inside radius (R;) 
Shell overall height (H) 
Density of water (20°C) ( p) 
Operating pre ure Po 
Design pressure Pd 
Allowable stress (S) 
Yield stress (uy) 
Corrosion allowance (CA) 
Joint efficiency 
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512.0000 in. ( 13.0048 m) 
394.0000 in. (I 0.0076 m) 
0.0369 Ib/in3 (998 kglm3) 
14.2282 psi (98.0999 k.Pa) 
16 psi (110.3 160 k.Pa) 
16,000 psi ( ll 0.3160 MPa) 
30,000 psi (206.8430 MPa) 
l/16 in. = 0.0625 in (0.0016 m) 
l.O 
Figure 5.2 A schematic diagram of rectangular LTA in a storage tank 
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Rectangular 
Corrosion 
Remaining 
Vessel 
5.4.1 Required Thickness calculation 
For design condition : 
De ign Thickness [25]: 
= 0.5130 in. (0.0 130m) 
Shell Thickness: h = ( lt~+ CA) = 0.5755 in. (0.0 146m) 
Therefore 5/8 inch (0.0 158 m) plate is considered. 
5.4.2 Calculation of Decay Lengths 
Longitudinal (x,) and circumferential (xc) decay lengths are evaluated using Eq. (4.13) and 
Eq. (4.14), respectively as 
x, = 2.5 .JRh = 44.7486 in. ( 1.1 370 m) 
Xc = 6.3 ffh = 11 2.7665 in. (2.8630 m) 
Dimension of LTA: 
For this calculation the area is considered as rectangular strip, circumferential and 
longitudinal dimension of the LTA (Fig. 5.3) are considered as 
2a = 100 in. (2.5400 m); 
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2b = 100 in. (2.5400 m). 
The aspect ratio of the damaged area: (b/a) = 1.0. 
Shell outside radius (R) = 512.6250 in. ( 13.0206 m) 
Shell thickness (h) = 0.625 in. (0.0 159 m) 
Corroded thickness (he) =0.1562 in. (0.0039 m) 
Corroded radius (Rc) = 512.1562 in. ( 13.0087 m) 
Calculation of Reference Volume: The reference volume i calculated as follows: 
Volume ofLTA: V0 = (4ab)hc= 1,562.5001 in.3 (0.0256 m3) 
Uncorroded Volume: 
Vu= [(2xc+2a) (2xlt2b)- 4ab] h = 32,289.5600 in.3 (0.529 1 m3) 
Reference Volume: 
VR= (Vu+Vo) = 33,852.0601 in.3 (0.5550 m3) 
5.4.3 Evaluation of Hydrostatic Equivalent Pressure and Corresponding Stresses 
In order to apply the concept of decay lengths and reference volume, originally 
derived for pressure vessels and piping subjected to uniform internal pressure, equivalent 
hydro tatic pressure needs to be calculated for the kinematically active volume. 
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Figure 5.3 Evaluation of Hydro tatic Equivalent Pressure 
H1 = { H-(2x1 +2b)} where H i the total height of the tank. 
H 1 = { 394-(2 x 44.74+ I 00)} = 204.5058 in. (5.1944 m) 
For triangular area vertical distance from the fluid surface to the centroid of the area: 
X1 = { (2/3). (2XL +2b) + H J} 
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= 330.8342 in (8.4031 m) 
For rectangular area vertical distance from the fluid surface to the centroid of the area: 
X2 = { ( 1/2) . (2XL +2b) + Ht} 
= 299.2514 in (5.1934 m) 
Triangular Area ofLTA A 1 = [(Y2) {y (H-H 1)} (2XL +2b)] 
= 651.0201 lbf/in (113,073.1512 N/m) 
Rectangular Area of LTA A2 = [(y H 1) (2XL +2b)] 
Equivalent distance 
= 1,406.170 I lbf/in (244,040.081 0 N/ m) 
Xc = (Atxt + ~x2 ) 
AI+~ 
= 309.2140 in. (7.8540 m) 
Hydrostatic equivalent pressure on LTA: 
P avg = X cpg 
= 11.1528 psi (76.8930 kPa) 
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Stresses in corroded region (LTA): 
= 12.2150 ksi (84.22 10 MPa) 
Stresses in uncorroded region: 
Pavg R 
Hoop Stress: u, = --
t 
= 9.1590 ksi (63.1470 MPa) 
For this current work, hoop stress is considered here since the tank is subjected to 
differential hydrostatic pressure, without any blanket pressure. 
Therefore, O"eu = cr1 = 9.1590 ksi (63.1450 MPa) 
O"ec= <J1c= 12.2 150 ksi (84.2210 MPa) 
5.4.4 Evaluation of Multipliers 
(Y 
Upper bound multiplier for the undamaged tank: mZ = _Y = 3.2754 
CY, ,. 
(Y 
Lower bound multiplier for the damaged tank: ml.d = _Y = 2.4552 
(Yec 
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o a~VR Upper bound multiplier for damaged tank: md = 2 2 = 3.1710 O",uVu +a,oVo 
The rna-tangent multiplier for damaged tank using Eq. (3. 10): 
r mo 
m = 2.9 100; 
a I + 0.2929(( - I) 
mo 
where (=-·d 
mut 
5.5 RSF USING ANALYTICAL APPROACH 
Three different RSF are evaluated here using the aforementioned limit load multipliers. 
0 
Using Eq. (3.26), RSFu = m~ = 0.970 
m. 
T 
Using Eq. (3.27), RSFr = m~ = 0.889 
m. 
mLd U ing Eq. (3.28), RSFL =-0 = 0.749 
m. 
It should be noted that the above mentioned strength parameters (RS F) are evaluated 
using analytical expressions, and no FEA is required. A number of LTAs are considered 
further with different aspect ratios and corrosion depth. The resu lts are given in Table I 
and Table 2. 
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5.6 RSF USING TWO LINEAR ELASTIC FEA 
An alternative method for evaluating RSF based on the rna-tangent method is 
proposed here, which is evaluated using linear elastic FEA, circumventing need for decay 
lengths and reference volume, as is necessary in the analytical approach. In this case, the 
rna-tangent multiplier ( rn~) is evaluated from the statically admissible stress field 
obtained from a linear elastic FEA. The structure is subjected to hydrostatic internal 
pressure without any blanket pressure. 
From the initial linear elastic FEA of the corroded tank, rnL= 1.991 and rn°= 4.391 is 
evaluated using Eq. (3.5) and Eq. (3.9) respectively. The corre ponding (= 2.205 is 
calculated using Eq. (3.11). Then the value of the limit load multiplier is evaluated using 
Eq. (3.10) as rn~ = 3.240. The same procedure is used to evaluate the limit load multiplier 
for uncorroded tank, which gives rn~ = 3.650. Finally, RSFr, based on linear elastic 
FEA, is evaluated as: 
96 
5.7 RSFBASED ON INELASTIC FEA 
Level 3 inelastic RSF is evaluated in order to verify the accuracy of Level 2 RSFs 
obtained from the propo ed analytical and linear elastic FEA based methods. The same 
FE model as described in the previous section is used with plastic modulus of SOx I 04 psi 
in order to account for the strain hardening effect. The inela tic RSF is calculated from 
the ratio of the limit pressure at I% membrane train in the LTA to the limit pressure of 
the tank without LTA. For thi example, RSF;n,Jasric is evaluated as 0.916. The same 
procedure is applied to LTAs with different aspect ratios and corrosion depth. The results 
are tabulated in Table 5.1 and Table 5.2 
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Table 5-1 
Analytical LEFEA NFEA 
a(in.) b(in.) r =bla 
RSFu RSFL RSF T ma RSF T mo RSFi,elastic 
50.0 12.5 0.25 0.9932 0.7490 0.9120 0.9 101 0.9930 
50.0 25.0 0.50 0.9800 0.7490 0.9050 0.89 10 0.9250 
50.0 50.0 1.00 0.9701 0.7490 0.889 1 0.8877 0.9160 
50.0 75.0 1.50 0.9769 0.7490 0.8900 0.8890 0.9090 
50.0 100.0 2.00 0.9650 0.7490 0.8900 0.8700 0.8961 
Table 5. 1 RSF for Liquid Storage Tank having LTA with 25% corrosion 
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Table 5-2 
Analytical 
LEFEA NFEA 
a(in.) b(in.) r =bla 
RSFu RSFL RSF T 
"'a 
RSF T 
fila RSFinelastic 
50.0 12.5 0.25 0.9520 0.4900 0.7803 0.8040 0.8800 
50.0 25.0 0.50 0.9291 0.4900 0.7430 0.7473 0.7631 
50.0 50.0 1.00 0.8903 0.4900 0.7300 0.7401 0.7990 
50.0 75.0 1.50 0.8701 0.4900 0.7151 0.7360 0.7492 
50.0 100.0 2.00 0.8584 0.4900 0.7104 0.7200 0.7301 
Table 5.2 RSF for Liquid Storage Tank having L TA with 50% corrosion 
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5.8 DISCUSSION 
Level 2 Fitness-for-Service assessment methods are developed in this current 
research to estimate the remaining strength factor of liquid torage tank experiencing 
hydrostatic pressure having locally thinned areas. The procedure is based on variational 
principles of plasticity, used in conjunction with the reference volume approach, has been 
found to be a very simple and straight forward method for integrity a essment purposes. 
The Level 2 integrity assessment procedures is applied to rectangular locally 
thinned areas (LTA) and sample calculations for evaluating RSF is presented. Two 
different approaches are proposed in the present work to evaluate RSF. The first approach 
is based on an analytical method and the second approach is ba ed on linear elastic finite 
element analysi (LEFEA). Both methods are applied to LTA for a range of sizes and 
corroded thickness, and results are compared with inelastic finite element analysis result . 
The RSF2 that based on ma -tangent multiplier ( m:) found to be conservative, and 
comparable with the inelastic FEA. Therefore, the use of RSF2 is recommended for 
Fitness-for-Service evaluations. 
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The proposed assessment method is a simple step-by-step procedure that should be 
attractive to plant engineers and designers. Remaining Strength Factor (RSF) can be 
evaluated using proposed analytical expressions, and no FEA is required. The second 
method RSF can also be evaluated using two linear elastic finite analysis, avoiding the 
identification of decay lengths and reference volume as i necessary in analytical 
approach. The results obtained using these two approaches are in good agreement with 
each other. 
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CHAPTER6 
CONCLUSIONS, RECOMMENDATIONS AND FUTURE WORK 
6.1 CONTRffiUTIONS OF THE THESIS 
In this thesis two different approaches are proposed to evaluate Remaining Strength 
Factor (RSF) for liquid storage tanks containing corrosion damage. The first method is a 
simple analytical approach, and the second method is based on two linear elastic finite 
element analyses (LEFEA). The methods are based on variational concepts, ma -tangent 
multipliers, reference volume and the concept of decay lengths in cylindrical shells. 
The principles leading to an improved lower bound limit load called the ma -tangent 
method (as developed in earlier tudie ) are discussed in detail in chapter 3. The ma-
tangent method has been shown to provide acceptable approximation to limit load of 
various mechanical components, and thus is employed as the basis of the calculation of 
the recommended remaining strength factors proposed in the current study. 
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The concept of reference volume is used in this current thesis which gives better 
approximation of limit load multipliers than using the entire volume of the structure. The 
effects of local loads on a shell structure are normally restricted to a limited vo lume in the 
vicinity of the loads. This kinematically active volume participates in plastic action when 
local damage occurs in a component and is termed as the reference vo lume. This 
reference volume approach gives better e timation of remaining strength factor. 
Both the methods are demonstrated through examples. lnela tic finite element 
analysis also has been carried out in this current research in order to compare the results 
obtained by the propo ed method . Strain hardening was accounted in this present work 
to take advantage of the post-yield behavior of high strength steels in inelastic finite 
element analysis. 
6.2 Future Effort 
In this thesis, Level 2 FFS a sessment methods are proposed for estimating the 
strength parameter for liquid storage tanks containing "locally thin areas". Jn this current 
research, an irregular profile of corrosion damage is repre ented by an equivalent 
rectangular damaged area in cylindrical storage tank. Corrosion pots observed in storage 
tanks in-service are usually irregular. 
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Although the proposed approach assumes uniform damage and does not account for 
the irregularity, the methods can be extended to determine the remaining strength factors 
for an irregular profile including irregular damaged area and thickness loss. The level 2 
Assessment rules of API 579 (Sec. 5.4.1 .2) provide for an e timate of the structural 
integrity of a component when significant variations in the thickness profile occur within 
the region of metal loss. 
Current API579 rules for FFS as essment covers LTA remote from major structural 
discontinuities. Also in this current research two adjacent damage areas are also assumed 
not to interact. The interaction of LTAs is one of the problems encountered in the industry. 
Procedures to calculate the remaining strength factor of pressure ve sets with damaged 
spots near structural discontinuities and multiple interacting damaged spots need to be 
studied. 
The proposed Fitness- for-Service assessments in the current research have been 
shown to offer lower bound remaining strength factor estimates to pressure vessels of 
cylindrical shape . The proposed methods should be extended for phericalliquid storage 
tanks experiencing hydrostatic pre ure. 
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Another potential area of research is the extension of this method for liquid storage 
tanks having different shell thickness and locally thin areas in between two shell 
thickness. An experimental tudy with strain gauges set up can be conducted to obtain the 
collapse pressure of a corroded component as well as to investigate the behavior of the 
damaged pressure components at limit state. Results from such experiments can be u ed 
to validate the accuracy and effectiveness of the proposed methods. 
6.3 CONCLUSIONS 
Level 2 FFS assessment methods are proposed in this research to estimate the 
strength parameter for evaluating industrial storage tanks containing locally thin areas. 
The integral mean of yield criterion in conjunction with the ma-tangent method is used to 
develop the proposed Level 2 RSF. The RSF obtained by using the ma-tangent method is 
shown to be conservative and i in good agreement with the inelastic analysis based Level 
3 RSF. Using the proposed method, reasonably accurate RSF estimates can be obtained 
on the basis of two linear elastic FEA or analytically. The RSFr based on the ma-tangent 
method is suggested as a parameter for performing FFS assessment of liquid storage tanks 
undergoing corrosion damage. 
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Appendix A 
ANSYS batch files are used to perform the finite element analysis of storage tank 
containing corrosion damage as discussed in Chapter 5 are provided in this section. The 
analysis type includes both elastic and inelastic finite element analysis. 
A.l Linear Analysis of Storage Tank without Corrosion Subjected to Internal 
Pressure 
I Title Linear Analysis of Storage Tank under Internal Pressure 
/config, nproc/4 
/prep? 
!Material Properties 
ET, l,SOLIDI85 
MP,EX, I ,30e6 
MP,PRXY, I ,0.3 
Ri=5 12 
t=0.625 
Ro=512.625 
Len=394 
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! Modulus of Elasticity 
! Poi on' Ratio 
! Solid modeling 
K, 1,0,0,0 
K, 2, Ro, 0, 0 
K, 3, Ri, 0, 0 
K, 4, 0, 0,-Ro 
K, 5, 0, 0,-Ri 
K,6, 0,Len, O 
LARC, 2, 4, l , Ro 
LARC, 3, 5, I, Ri 
L, 2,3 
L, 4,5 
L, 1,6 
al,l,3,2,4 
VDRAG, I ,,,5 
! Mapped Meshing 
le ize, 12, 150 
le ize,7,, 150 
lesize, II ,280 
lesize,6,,280 
lesize, 13,4 
le ize,3,,4 
! Across Length 
! Across Length 
! Circumferentially 
! Circumferentially 
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vmesh,Ail 
!Apply Boundary Conditions 
DA,5,SYMM 
DA,3,SYMM 
DA,l,UX,O 
DA, l ,UY,O 
DA,l,UZ,O 
! Load Application 
SFGRAD,PRES,O,Y,0,-0.04061 
NSEL,all 
SF A,4, l ,PRES, 16,0 
DTRAN 
SFTRAN 
finish 
/SOLU 
ANTYPE,O 
solve 
save 
finish 
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A.2 Non-linear Analysis of Storage Tank without Corrosion Subjected to Internal 
Pressure 
I Title Non-linear Analysis of Storage Tank under Internal Pre sure 
I config,nproc/4 
I prep7 
IMMED,I 
! MAterial Properties 
ET, I ,SOLID 185 
MP,EX, I ,30e6 
MP,PRXY, 1,0.3 
TB,BKIN, I, 1,2, I 
TBDATA,30000,0 
Ri=512 
t=0.625 
Ro=5 12.625 
Len=394 
! Solid modeling 
K, l,O,O,O 
k,2,Ro,O,O 
! Bilinear kinematic strain hardening 
! Data table, yield stress, plastic modulus 
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k,3,Ri,O,O 
k,4,0,0,-Ro 
k,5,0,0,-Ri 
K,6,0,Len,O 
LARC,2,4, I ,Ro 
LARC,3,5, I ,Ri 
L,2,3 
L,4,5 
L, l,6 
al, 1,3,2,4 
VDRAG, I ,,,5 
!Mapped Meshing 
lesize, 12,, 150 ! Across Length 
lesize,7,, 150 ! Across Length 
lesize, II ,,280 ! Circumferentially 
lesize,6,,280 ! Circumferentially 
lesize, 13,,4 
lesize,3,,4 
vmesh,All 
!Apply Boundary Conditions 
DA,5,SYMM 
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DA,3,SYMM 
DA, l,UX,O 
DA,l,UY,O 
DA,l,UZ,O 
!Load Application 
SFGRAD,PRES,O,Y,0,-0.81218274 
NSEL,all 
SFA,4, l ,PRES,320,0 
DTRAN 
SFTRAN 
finish 
/SOLU 
ANTYPE,O 
NSUBST,2000 
/output,out,dat 
solve 
save 
finish 
! Initial number of substep 
11 9 
A.3 Linear Analysis of Storage Tank with Corrosion Depth 25% Subjected to 
Internal Pressure 
I Title, Linear Analysi of Storage Tank with Corrosion Depth 25% 
/prep? 
IMMED,I 
!SOLID MODELLING Storage Tank 
!MAterial Properties 
ET, I ,SOLID 185 
MP,EX, I ,30e6 
MP,PRXY, I ,0.3 
Ro=51 2.625 
t=0.625 
Ri=512 
theta=5.59 
b=IOO 
xl=44.748 
xb=l44.748 
Len=394 
*set,dc,O.I5625 
* et,Rc,5 12.1 5625 
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*set,P, 16 
! Calculation of ARC Length 
pi=3. 141592654 
arc I=( 1.57*Rc) 
arc4=( 1.57*Ri) 
arcS=( 1.57*Ro) 
arc2=(pi*theta*Rc)/ 180 
arc3=(pi*theta*Ri)/ 180 
arc6=(pi*theta*Ro )/ 180 
a=arc2/arc I 
a I =arc3/arc4 
a2=arc6/arc5 
! Element Size 
Lon_ Upper =95 
xi_DIV =17 
b_DIV=38 
theta_div=20 
ARC_DIV I =260 
Undamaged region 
tc_Div=3 
t_div=l 
!Solid modelling 
K,I,O,O,O 
! No of elements along axial Direction above 2b 
! No of elements along axial direction below 2b 
! No of elements along longitudinal direction in 2b 
! No of elements along Circumferential Direction in the L T A 
! No of elements along Circumferential direction in 
! Number of elements along corrosion depth 
! Number of elements along remaining thickness of the pipe 
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k,2,Ro,O,O 
k,3,Ri,O,O 
k,4,0,0,-Ro 
k,5,0,0,-Ri 
K,6,0,Len,O 
! New location for Corrosion 
K,7,0,xi,O 
K,8,Ro,xi,O 
K,9,Ri,xi,O 
K, I O,O,xi,-Ro 
K, II ,O,xi,-Ri 
LARC,3,5, l,Ri 
LARC,2,4, I ,Ro 
LARC,9,11,7,Ri 
LARC,8,10,7,Ro 
L,3,2 
L,5,4 
L, l,6 
L, l,7 
L,8,9 
L,IO,II 
122 
al,l,2,5,6 
VDRAG, I ,,,7 
! Corrosion Construction 
k,20,0,xl,-Rc 
k,2 1 ,Rc,xi,O 
LARC,20,21,7,Rc 
LDIY,I9,a,71 
LDIV ,3, l-a,81 
L,71 ,81 
LCSL, I9,10 
al,24, 19,22,2 1 
vext,7,,b 
v bv,l,2 
! Modification of Volume for Mapped Meshing 
LDIV ,4, 1-a2, I 01 
L,7 1,101 
LDIV, 11 , 1-a2, 102 
LDIV, 16,al ,l03 
L, 102, 103 
LDIV, I, 1-a2,302 
LDIV,2, 1-al,301 
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L,302,301 
a, 103,301 ,302, 102 
VSBA,3,2 
k,54,(Ro+ 1 O),x1,-(Ro+ 1 0) 
k,55,-(Ro+ 1 O),x1,-(Ro+ 1 0) 
k,56,-(Ro+ 1 O),x1,(Ro+ 1 0) 
k,57 ,(Ro+ 1 O),x1,(Ro+ 1 0) 
A,54,55,56,57 
VSBA,1 ,1 
k,54,(Ro+ 1 O),x1,-(Ro+ 1 0) 
k,55,-(Ro+ 10),x1,-(Ro+ 1 0) 
k,56,-(Ro+ 1 O),xi,(Ro+ I 0) 
k,57 ,(Ro+ 1 O),x1,(Ro+ 1 0) 
A,54,55,56,57 
VSBA,2, 1 
k,54,(Ro+ 1 O),xb,-(Ro+ 1 0) 
k,55,-(Ro+ !O),xb,-(Ro+ 1 0) 
k,56,-(Ro+ !O),xb,(Ro+ 1 0) 
k,57 ,(Ro+ 1 O),xb,(Ro+ 1 0) 
A,54,55,56,57 
VSBA,4,1 
k,54,(Ro+ 10),xb,-(Ro+ 10) 
k,55, -(Ro+ 1 O),xb, -(Ro+ 1 0) 
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k,56,-(Ro+ I O),xb,(Ro+ I 0) 
k,57 ,(Ro+ I O),xb,(Ro+ I 0) 
A,54,55,56,57 
VSBA,5,1 
! Finite Element Mode and Meshing 
! Set the Element Division 
lesize,67 ,Lon_ Upper 
lesize,33,,Lon_Upper 
lesize,42,,Lon_Upper 
lesize,62,,Lon_ Upper 
lesize,41 ,,Lon_ Upper 
le ize,59,Lon_Upper 
lesize,46,,xi_DIV 
lesize,32,,xi_DIV 
lesize,50,,xi_DIV 
lesize,43,,xi_DIV 
lesize,47 ,,xi_DIV 
lesize,49,,xi_DIV 
lesize,35,,Arc_Div I 
lesize, II ,,Arc_Div I 
lesize,58,Arc_Div I 
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lesize,61 ,,Arc_Div 1 
lesize,20,,Arc_Div 1 
lesize,3,,Arc_Div 1 
lesize,48,,Arc_Div 1 
lesize,4,,Arc_Div 1 
lesize,5l ,,Arc_Div 1 
lesize, 1 ,,Arc_Divl 
lesize,2,,Arc_Div 1 
lesize, 16,,theta_Div 
1esize,34,,,theta_Div 
les ize,55, ,theta_Di v 
les ize,25, ,theta_Di v 
lesize, 27, ,theta_Di v 
1esize,21 ,,theta_Div 
lesize, 19,,theta_Div 
1esize,45,,theta_Div 
1esize, 13, ,theta_Di v 
lesize,37 ,,theta_Div 
1esize,3 8,, theta_Di v 
lesize,28,,tc_Div 
lesize,53,,tc_Div 
lesize,23,,tc_Div 
lesize,44,,tc_Div 
! Rectangular Strip 
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lesize,63,,tc_Div 
lesize,54,,tc_Div 
lesize,26,,t_Div 
lesize, I O,,t_Div 
lesize,24,,t_Div 
lesize,22,,t_Div 
lesize,29,,b_Div 
lesize,56,,b_Di 
lesize,3 l , ,b_Div 
lesize,30,,b_Div 
lesize,64,,b_Div 
lesize,65, ,b_Div 
lesize,66,,b_Div 
! Reverse line Directions to obtain the Desired Gradually varying Me h 
LREVERSE,33 
LREVERSE,35 
LREVERSE,4 l 
LREVERSE,59 
LREVERSE,3 
LREVERSE,48 
LREVERSE,4 
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LREVERSE,5l 
LREVERSE,l 
LREVERSE,2 
! Concatenate Lines and Areas to Enable Mapped Meshing 
! Joint 
LCCAT,26,63 
LCCAT, 10,54 
LCCAT,23,24 
LCCAT,44,24 
LCCAT,22,28 
LCCAT,22,53 
! Circumferentially Corrosion-Without corrosion 
LCCAT,55,61 
! Longitudinally 
LCCAT,56,67 
LCCAT,56,46 
LCCAT,64,62 
LCCAT,64,50 
LCCAT,3 1,42 
LCCAT,31,43 
ACCAT,7,5 
ACCAT,8,23 
ACCAT,3 l,ll 
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VMESH,ALL 
! Boundary Conditions 
DA, I9,SYMM 
DA,34,SYMM 
DA,6,SYMM 
DA, IS,SYMM 
DA,24,SYMM 
DA,35,SYMM 
DA, I7,UX,O 
DA,I7,UY,O 
DA,I7,UZ,O 
DA,3,UX,O 
DA,3,UY,O 
DA,3,UZ,O 
DTRAN 
SFTRAN 
! Load Application 
! Transfer Boundary Conditions From Solid to FE model 
! Transfer Loads From Solid to FE Model 
SFGRAD,PRES,O,Y,0,-0.040609137 
NSEL,all 
SFA,20, I ,PRES, 16,0 
SFA,2, I ,PRES, 16,0 
SFA, I 0, I ,PRES, 16,0 
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SFA,32, I ,PRES, 16,0 
SFA,21, I ,PRES, 16,0 
SFA, 14, I ,PRES, 16,0 
DTRAN 
SFTRAN 
Finish 
/SOLU 
ANTYPE,O 
solve 
save 
finish 
130 
A.4 Non-linear Analysis of Storage Tank with Corrosion Depth 25% Subjected to 
Internal Pressure 
I Title, Nonlinear Analy i of Storage Tank with Corrosion Depth 25% 
/conftg, nproc/4 
/prep? 
IMMED,I 
!SOLID MODELLING Storage Tank 
!MAterial Properties 
ET, I ,SOLID 185 
MP,EX, I ,30e6 
MP,PRXY,I,OJ 
TB,BKIN,I,I ,2, 1 
TBDAT A,30000,0 
modulus 
Ro=5 12.625 
t=0.625 
Ri=512 
theta=5.59 
b=IOO 
x1=44.748 
xb=l44.748 
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! Bilinear kinematic strain hardening 
! Data table, yield stress, plastic 
Len=394 
*set,dc,0.15625 
*set,Rc,512.15625 
*set,P,16 
! Calculation of ARC Length 
pi=3. 141592654 
arc I=( 1.57*Rc) 
arc4=( 1.57*Ri) 
arcS=( 1.57*Ro) 
arc2=(pi*theta*Rc)/ 180 
arc3=(pi*theta*Ri)/ 180 
arc6=(pi*theta*Ro )/ 180 
a=arc2/arc I 
a I =arc3/arc4 
a2=arc6/arc5 
! Element Size 
Lon_ Upper =95 
xi_DIV =17 
b_DIV=38 
2b 
theta_div=20 
ARC_DIVI =260 
tc_Div=3 
! No of elements along axial Direction above 2b 
! No of elements along axial direction below 2b 
! No of element along longitudinal direction in 
! No of elements along Direction in the L T A 
! No of elements along Undamaged region 
! Number of element along corrosion depth 
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t_div=l 
!Solid modelling 
K,I,O,O,O 
k,2,Ro,O,O 
k,3,Ri,O,O 
k,4,0,0,-Ro 
k,5,0,0,-Ri 
K,6,0,Len,O 
!New location for Corrosion 
K,7,0,xi,O 
K,8,Ro,xi,O 
K,9,Ri,xi,O 
K, IO,O,xi,-Ro 
K, II ,O,xi,-Ri 
LARC,3,5, I ,Ri 
LARC,2,4, I ,Ro 
LARC,9,1l,7,Ri 
LARC,8, I 0,7 ,Ro 
L,3,2 
L,5,4 
L, l,6 
L, l,7 
L,8,9 
! Number of elements of the pipe 
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L, IO,II 
al, l,2,5,6 
VDRAG, 1,,,7 
!Corrosion Construction 
k,20,0,xi,-Rc 
k,21 ,Rc,xl,O 
LARC,20,2 l, 7 ,Rc 
LDIV, I9,a,71 
LDIV,3,1-a,81 
L,7 1,81 
LCSL, I9,10 
al,24, 19,22,2 1 
vext,7,,b 
vsbv, 1,2 
! Modification of Volume for Mapped Meshing 
LDIV ,4, 1-a2, I 0 I 
!L,81 , I 0 I (Previous Command working) 
L,7 1,101 
LDIV,II , I-a2, 102 
LDIV, I6,ai , I03 
L,I02, 103 
LDIV, l,l-a2,302 
LDIV ,2, 1-a I ,30 I 
134 
L,302,301 
a, I 03,30 I ,302, I 02 
VSBA,3,2 
k,54,(Ro+ I O),xi,-(Ro+ I 0) 
k,55,-(Ro+ I O),xi,-(Ro+ I 0) 
k,56,-(Ro+ I O),xi,(Ro+ I 0) 
k,57 ,(Ro+ I O),xi,(Ro+ I 0) 
A,54,55,56,57 
VSBA,I,I 
k,54,(Ro+ I O),xi,-(Ro+ I 0) 
k,55,-(Ro+ I O),xi,-(Ro+ I 0) 
k,56,-(Ro+ I O),xi,(Ro+ I 0) 
k,57 ,(Ro+ I O),xi,(Ro+ I 0) 
A,54,55,56,57 
VSBA,2,1 
k,54,(Ro+ I O),xb,-(Ro+ I 0) 
k,55,-(Ro+ I O),xb,-(Ro+ I 0) 
k,56,-(Ro+ I O),xb,(Ro+ I 0) 
k,57 ,(Ro+ I O),xb,(Ro+ I 0) 
A,54,55,56,57 
VSBA,4,1 
k,54,(Ro+ I O),xb,-(Ro+ I 0) 
k,55, -(Ro+ I O),xb, -(Ro+ I 0) 
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k,56,-(Ro+ I O),xb,(Ro+ I 0) 
k,57 ,(Ro+ I O),xb,(Ro+ I 0) 
A,54,55,56,57 
VSBA,5,1 
! Finite Element Model and Meshing 
! Set the Element Division 
lesize,67 ,,Lon_ Upper 
lesize,33,,Lon_ Upper 
lesize,42,,Lon_ Upper 
lesize,62,,Lon_ Upper 
lesize,4 l ,,Lon_ Upper 
le ize,59,,Lon_Upper 
lesize,46,,xi_DIV 
lesize,32,,xi_DIV 
lesize,50,,xi_DIV 
lesize,43,,xi_DIV 
lesize,47 ,,xl_DIV 
lesize,49 ,,x I_DIV 
lesize,35,,Arc_Div I 
lesize, II , ,Arc_Div I 
lesize,58,,Arc_Div I 
lesize,6 1 ,,Arc_Div I 
le ize,20,,Arc_Div I 
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lesize,3,,Arc_Div I 
lesize,48,,Arc_Div I 
lesize,4,,Arc_Div I 
lesize,S I ,,Arc_Div I 
lesize, I ,,Arc_Div I 
lesize,2,,Arc_Div I 
lesize, 16,,theta_Div 
le ize,34,,theta_Div 
lesize,55,,theta_Div 
lesize,25,,theta_Div 
lesize,27 ,,theta_Div 
lesize,2 1 ,,theta_Div 
lesize, 19,,theta_Div 
lesize,45,,theta_Div 
lesize, 13,,theta_Div 
lesize,37 ,,theta_Div 
lesize,38,,theta_Div 
lesize,28,,tc_Div 
lesize,53,,tc_Div 
le ize,23,,tc_Div 
lesize,44,,tc_Div 
lesize,63,,tc_Div 
lesize,54,,tc_Div 
! Rectangular Strip 
137 
lesize,26,,t_Div 
lesize, IO,,t_Div 
lesize,24,t_Div 
lesize,22,,t_Div 
lesize,29,,b_Div 
lesize,56,,b_Div 
lesize,31 ,,b_Div 
lesize,30,,b_Div 
lesize,64,,b_Div 
lesize,65,,b_Div 
lesize,66,,b_Div 
! Rever e Hne Directions to obtain the Desired Grdually varying Mesh 
LREVERSE,33 
LREVERSE,35 
LREVERSE,4 1 
LREVERSE,59 
LREVERSE,3 
LREVERSE,48 
LREVERSE,4 
LREVERSE,SI 
LREVERSE,I 
LREVERSE,2 
! Concatenate Lines and Areas to Enable Mapped Meshing 
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! Joint 
LCCAT,26,63 
LCCAT, 10,54 
LCCAT,23,24 
LCCAT,44,24 
LCCAT,22,28 
LCCAT,22,53 
! Circumferentially Corrosion-Without Corrosion 
LCCAT,55,61 
!Longitudinally 
LCCAT,56,67 
LCCAT,56,46 
LCCAT,64,62 
LCCAT,64,50 
LCCAT,31 ,42 
LCCAT,31 ,43 
ACCAT,7,5 
ACCAT,8,23 
ACCAT,31 ,11 
VMESH,ALL 
! Boundary Conditions 
DA,I9,SYMM 
DA,34,SYMM 
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DA,6,SYMM 
DA,IS,SYMM 
DA,24,SYMM 
DA,35,SYMM 
DA, I7,UX,O 
DA,17,UY,O 
DA, I7,UZ,O 
DA,3,UX,O 
DA,3,UY,O 
DA,3,UZ,O 
DTRAN 
model 
SFTRAN 
! Load Application 
SFGRAD,PRES,O,Y,0,-0.81 218274 
NSEL,all 
SFA,20,1,PRES,320,0 
SFA,2, 1,PRES,320,0 
SFA, IO,I,PRES,320,0 
SFA,32, 1,PRES,320,0 
SFA,2 1,l,PRES,320,0 
SFA,I4,1,PRES,320,0 
DTRAN 
! Transfer Boundary From Solid to FE 
! Transfer Loads From Solid to FE Model 
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SFrRAN 
finish 
/SOLU 
ANTYPE,O 
NSUBST,2000 
/output,out,dat 
solve 
save 
finish 
\ 
! Initial number of substep 
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